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Much of our current knowledge of cell polarisation is based on single cells or 
cultured cellular aggregates in a stable environment, which does not fully 
recapitulate the complex dynamics of embryonic development. This thesis uses 
the developing brain of the transparent zebrafish embryo as a model in which to 
examine polarisation strategies during morphogenesis in vivo. Zebrafish 
neurulation involves the transformation of an initially solid primordium into an 
epithelial tube. Prior to this, neural progenitor cells must acquire apico-basal 
polarity through assembly of apical complexes at the tissue midline.  
 
It has been previously shown that a specialised mirror-symmetric cell division, 
termed C-division, is a major mechanism for apico-basal polarisation. I show 
that before this division occurs, cells localise apical polarity proteins to the region 
where they intersect the tissue midline, suggesting that the initial establishment 
of apico-basal polarity occurs independently of this cell division. I have 
subsequently investigated the mechanisms by which neural cells are able to 
sense the tissue architecture and form a lumen at the midline.  
 
During formation of the neural rod, cells from each side interdigitate across the 
tissue midline. I present evidence that nascent cell-cell contacts in this region 
add spatial precision to the localisation of apical complexes. In the absence of 
left-right interactions apical proteins assemble at the anti-basal extremity of the 
cell, rather than partway along its length. I have additionally examined embryos 
lacking functional basal lamina components and show that laminin is required for 
the correct orientation of apico-basal polarity and location of divisions 
throughout neural tube development.  
 
In conclusion, I show that cells polarise in the interdigitation zone prior division 
and that a basal cue from the surrounding environment works in concert with 
cellular interactions across the neural midline to direct the correct spatial 
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1 GENERAL INTRODUCTION 
 
During the development of an organism, many events must be tightly 
coordinated to ensure that the embryo develops correctly and on time. One 
important process is the formation of tubular structures or lumen. This is a 
fundamental step in the development of many organ systems, including the 
digestive system, vasculature, and central nervous system. Mechanisms of 
lumen formation vary greatly between different animals and tissues, but all 
result in a similar structure, with polarised cells surrounding a hollow tube. 
Generally, for a lumen to form cells must first acquire apico-basal polarity and 
this can be achieved in a variety of ways. Here, I will review the cellular and 
molecular mechanisms involved in lumen formation and relate this to zebrafish 
neural tube development, specifically focussing on how cell and tissue polarity is 
established and coordinated.  
 
1.1 General Morphogenesis 
Morphogenesis, the creation of shape, comprises an array of individual cell 
behaviours, which act in combination to construct organised tissues and organs. 
Cellular mechanisms include division, growth, shape changes, movement, 
differentiation and death. I will briefly describe how some of these effect changes 
in tissue shape.  
 
1.1.1  Convergent extension  
During morphogenesis the spatial arrangement of cells is dynamic and shape 
changes may be driven by cell intercalation and cell migration. Cell intercalation 
occurs when cells become aligned but offset and subsequently move in between 
one another, reducing the tissue size in one direction whilst increasing it in the 
other. Cell intercalation therefore plays a major role in the elongation of various 
tissues through a process known as convergent extension (CE). Convergent 
extension does not require any net increase in cell number or volume and relies 
solely on cell movements.  The best-studied example of convergent extension is 
body axis elongation (reviewed in Keller et al., 2000; Tada and Heisenberg, 
2012). This is characterised by two different types of cell movement, medio-
lateral cell intercalation, involving the exchange of neighbour cells, and collective 
cell migration, where a cohesive sheet of cells undergoes a coordinated 
directional movement (Tada and Heisenberg, 2012) (Fig. 1.1A).  During 
collective migration leading edge cells are highly polarised and exhibit 
protrusions in the direction of their movement (Diz-Munoz et al., 2010; Montero 
et al., 2003).  
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The precise mechanisms of CE vary between species, tissue and cell type, i.e. 
whether the cells undergo collective migration and intercalation at the same time 
or sequentially and whether they are mesenchymal or epithelial in nature. For 
example, during body axis elongation in Xenopus laevis both the 
chordamesoderm (presumptive notochord) and the overlying neural plate 
undergo CE, but employ different and independent mechanisms (Elul et al., 
1997). Furthermore, epithelial cells undergoing rearrangements require cell-cell 
junctions to be remodelled, whereas mesenchymal cells can more easily 
intercalate and show protrusive behaviours (Tada and Heisenberg, 2012). Non-
canonical Wnt/planar cell polarity (PCP) signalling has been suggested as a 
general mechanism of cell polarisation during CE and a number of studies have 
implicated the pathway in regulation of vertebrate gastrulation and elongation of 
the cochlear, jaw and limb cartilage (Gao et al., 2011; Gray et al., 2011; Tada 
and Heisenberg, 2012; Topczewski et al., 2001; Wang et al., 2005).  
 
1.1.2  Epithelial to mesenchymal transition and vice versa  
During embryogenesis cells often show phenotypic plasticity, whereby epithelial 
cells convert into mesenchymal cells through a process known as epithelial to 
mesenchymal transition (EMT). Epithelial and mesenchymal cells differ in several 
morphological and functional characteristics. Whereas epithelial cells are present 
as layers, polarised along the apico-basal axis and connected to neighbours by 
lateral cell-cell junctions, mesenchymal cells are not organised into layers, are 
more motile and contact neighbours only focally. EMT is thus achieved by the 
loss of characteristic epithelial adhesion and polarity and re-organisation of the 
cytoskeleton in response to extrinsic signals (Huang et al., 2012; Thiery and 
Sleeman, 2006). Epithelial cells do not always directly convert to a mesenchymal 
phenotype and may reside in an intermediate state allowing either progress to 
mesenchymal or reversal back to epithelial as required (Yin et al., 2009). EMT 
has been heavily studied in cancer cell metastasis and tissue fibrosis, but is also 
crucial in tissue remodelling during embryogenesis (reviewed in Kalluri and 
Weinberg, 2009; Nakaya and Sheng, 2013).  
 
One of the most dramatic morphogenetic events in animal development is the 
process of gastrulation, through which the three primary germ layers (ectoderm, 
mesoderm, endoderm) are organised and the basic body plan is formed. The 
processes involved in gastrulation differ between species but EMT is essential in 
most metazoans to give rise to populations of migratory mesenchymal cells, 
allowing for dynamic and rapid cellular rearrangements (Carver et al., 2001; 
Ciruna and Rossant, 2001; Fernandez-Serra et al., 2004; Kemler et al., 2004; 
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Oda et al., 1998; Rottinger et al., 2004; Smallhorn et al., 2004; Thiery and 
Sleeman, 2006; Yamashita et al., 2004). EMT is also important in the formation 
of the highly migratory neural crest cell population, as well as development of 
the heart, liver, pancreas and mammary gland (Bort et al., 2006; Kerosuo and 
Bronner-Fraser, 2012; Nanba et al., 2001; Villasenor et al., 2010; von Gise and 
Pu, 2012).  
 
The reverse process, mesenchymal to epithelial transition (MET), also plays a 
role in embryonic development, through the condensation of mesenchymal cells 
into adhesive, polarised groups. This process forms epithelial tubes in the 
vertebrate kidney and parts of the posterior neural tube (Barasch et al., 1999; 
Davies et al., 1996; Griffith et al., 1992; Perantoni et al., 1995; Vainio and 
Muller, 1997). Formation and differentiation of the somites involves several 
rounds of MET and EMT, implying that constituent cells can show a high degree 
of remodeling, without an accompanying change in cell fate (Christ et al., 2007; 
Gros et al., 2005; Kalcheim and Ben-Yair, 2005; Nakaya et al., 2004; Yusuf and 
Brand-Saberi, 2006).  
 
EMT and MET may be controlled at the transcriptional level, for example by the 
snail and ZEb families of transcription factors (Peinado et al., 2007). These may 
affect cell polarity directly by repressing transcription of polarity proteins, 
trafficking, cytoskeletal and/or basement membrane components (Aigner et al., 
2007; Bryant and Mostov, 2008; De Craene et al., 2005; Spaderna et al., 2006; 
Whiteman et al., 2008). These changes may alter the composition of cell-cell 
junctions and the environment, allowing the cell to transform in nature.  
 
1.1.3  Oriented cell division 
Cell divisions are another major mechanism for embryonic growth and 
development, but can also either be disruptive or constructive to tissue integrity 
and so their occurrence and orientation is often strictly regulated. Co-ordination 
of division orientation with the asymmetric localisation of cell fate determinants 
has long been known to regulate inheritance of cell fate determinants and is 
responsible for cellular diversity (Chalmers et al., 2003; Kemphues et al., 1988; 
Sabherwal et al., 2009; Spana and Doe, 1995) (reviewed in Gillies and 
Cabernard, 2011; Gonczy, 2008; Knoblich, 2010; Morin and Bellaiche, 2011; 
Siller and Doe, 2009). Oriented cell divisions have also been described to play a 
fundamental role in the shaping of tissues and organs in a number of contexts 
(Castanon and Gonzalez-Gaitan, 2011; Gillies and Cabernard, 2011).  
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1.1.3.1 Vertical vs. horizontal divisions 
In a simple sheet-like epithelial tissue, cell divisions can occur in broadly two 
major orientations (Fig. 1.1B). Cells can divide vertically, perpendicular to the 
plane of the tissue, to increase tissue thickness, i.e. stratify the tissue. 
Alternatively divisions can occur horizontally, within the plane of the tissue 
(known as planar divisions), to either allow tissue spreading or extend it in a 
particular direction whilst maintaining tissue architecture. Defective division 
orientation has been shown to lead to misplaced cells and misshaped epithelial 
tissues (Fischer et al., 2006; Jaffe et al., 2008).  
 
In mammals, the epidermis of the skin is a stratified epithelium and its 
development comprises vertical divisions of the most basal cells, generating one 
proliferative daughter and one that will differentiate (Lechler and Fuchs, 2005; 
Poulson and Lechler, 2010, 2012). In other tissues, including early Xenopus 
blastula and pre-implantation mouse embryos, vertical divisions are also often 
accompanied by asymmetries in cell fate (Chalmers et al., 2003; Plusa et al., 
2005; Tabler et al., 2010). These divisions may generate distinct tissue layers, 
for example vertical divisions at blastula stages in Xenopus result in superficial 
epithelial cells overlying deep non-epithelial cells (Chalmers et al., 2003).  
 
Horizontal cell divisions have been widely proposed as a general mechanism of 
tissue elongation in both vertebrates and invertebrates, but there is not a great 
deal of direct experimental evidence (da Silva and Vincent, 2007; Quesada-
Hernandez et al., 2010; Voiculescu et al., 2007). For example, throughout 
Drosophila melanogaster organogenesis most divisions in the epithelial primordia 
of the wing and compound eye, known as imaginal discs, are oriented along the 
proximal-distal axis, which correlates with the expansion of cell clones (Baena-
Lopez et al., 2005; Mao et al., 2011). Similarly, during extension of the early 
Drosophila embryo cells divide in an anterior-posterior orientation, which 
correlates with the long axis of the elongating tissue (da Silva and Vincent, 
2007). Preventing these divisions reduces the rate and degree of extension, but 
does not totally block the process, with division-blocked embryos reaching a 
maximum length half that of controls (da Silva and Vincent, 2007). These 
studies therefore hint at roles for oriented divisions in shaping the Drosophila 
embryo but rely on correlative data and are complicated by concurrent 
morphogenetic movements.  
 
In vertebrate systems, oriented divisions have been implicated in elongation of 
the chicken primitive streak (Wei and Mikawa, 2000), the mouse gut 
(Matsuyama et al., 2009) and kidney tubules (Fischer et al., 2006), epithelial 
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spreading of the Xenopus gastrula (Woolner et al., 2008) and closure of the 
Xenopus neural tube (Kieserman and Wallingford, 2009), amongst other tissues, 
but whether the orientation of these divisions has a direct morphogenetic 
influence is not always clear.  
 
During zebrafish embryogenesis, there are two episodes of oriented cell division 
with the potential to control tissue morphogenesis in different ways.  Firstly, 
during gastrulation and elongation of the body axis, cells of the epiblast have 
been shown to characteristically divide along the animal-vegetal axis (Concha 
and Adams, 1998; Gong et al., 2004; Quesada-Hernandez et al., 2010). It was 
previously hypothesised that these divisions act to drive the extension of the 
anterior–posterior axis through the positioning of the resulting daughter cells, 
thus adding length to the tissue. However, a recent study shows that oriented 
divisions are dispensable for body axis elongation and that divisions along this 
axis are likely a consequence of other morphogenetic influences, rather than a 
driving force (Quesada-Hernandez et al., 2010). It is likely that the intercalation 
of cells is more fundamental to axis elongation.  
 
A separate round of oriented cell divisions has been described to play a role in 
the formation of the zebrafish neural tube. During this process, neural progenitor 
cells undergo a highly stereotyped cell division close to the tissue midline 
(described in detail in section 1.6.4), which is neither classically planar nor 
vertical, but oriented medio-laterally across the tissue (Clarke, 2009; Concha 
and Adams, 1998; Geldmacher-Voss et al., 2003; Kimmel et al., 1994; Papan 
and Campos-Ortega, 1994; Tawk et al., 2007). Following division one daughter 
cell crosses the midline of the tissue and integrates into the contralateral side. 
This division does not serve to immediately change the shape of the tissue, but 
can direct the assembly of the apical surface at the midline of the tissue, which 
dictates where the neural tube lumen will form. If these divisions are specifically 
misoriented, a single neural midline does not form, indicating an instructive role 
(Quesada-Hernandez et al., 2010; Zigman et al., 2011). If their location is 
changed they can direct ectopic lumen formation (Tawk et al., 2007).  
 
1.1.3.2 Extrinsic cues in spindle orientation 
Oriented division relies on the correct positioning of the mitotic spindle, which is 
composed of polar microtubules, microtubule organising centres (often 
centrosomes) at the poles and astral microtubules, which anchor the spindle 
poles to the cell membrane. Spindle orientation can be controlled by extrinsic or 
cell intrinsic molecules, or by physical constraints, including cell geometry and 
the external environment. Some spindles remain consistent over time and 
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several rounds of cell division, whereas others undergo stereotypical rotations 
immediately prior to division (Geldmacher-Voss et al., 2003; Kieserman and 
Wallingford, 2009).  
 
The PCP signalling pathway is a major extrinsic mechanism governing spindle 
orientation and may involve core Wnt/PCP signalling components (Gong et al., 
2004; Quesada-Hernandez et al., 2010; Witzel et al., 2006) or components of 
the alternative Fat/Dachsous system (Matakatsu and Blair, 2004; Simon, 2004). 
Essentially, extracellular long-range polarity cues are transduced and integrated 
within each cell to induce re-arrangement of the cytoskeleton, leading to 
changes in cell shape and behaviour.  
 
Oriented divisions in the zebrafish gastrula and neurula are believed to be under 
the control of the PCP pathway, as abrogation of members of this pathway 
results in randomised division orientation and cell shape changes (Gong et al., 
2004; Quesada-Hernandez et al., 2010; Zigman et al., 2011). The fat/daschous 
pathway acts in a similar way to the PCP pathway, except that the ligand and 
receptor are membrane-bound atypical adhesion molecules that interact at cell-
cell contacts (Gillies and Cabernard, 2011). Loss of various members of the 
Fat/Dachous pathway in the Drosophila wing results in altered cell morphologies 
and misoriented cell divisions (Clark et al., 1995; Mao et al., 2011; Rogulja et 
al., 2008). It is likely that Dachs, a downstream atypical myosin motor protein, 
controls cell shape via exerting contractile force on adjacent cell-cell junctions 
(Mao et al., 2011).  
 
1.1.3.3 Intrinsic cues in spindle orientation  
Aside from common apico-basal polarity complexes (discussed in detail in section 
1.3) a common intrinsic regulator of spindle orientation is the Pins/Mud/Gαi 
complex, or LGN/NuMA/Gαi in vertebrates. This has been primarily studied in 
asymmetric divisions in Drosophila neuroblasts and the mammalian epidermis 
(Lechler and Fuchs, 2005) but also appears to be involved in symmetric divisions 
during epithelial morphogenesis (El-Hashash and Warburton, 2011; Morin et al., 
2007; Peyre et al., 2011; Zheng, 2010). The complex is localised asymmetrically 
at the cell cortex during mitosis where its components interact with cortically 
anchored dynein to generate pulling forces on astral microtubules at the spindle 
pole (Chia et al., 2008; Fuse et al., 2003; Grill and Hyman, 2005; Hendricks et 
al., 2012; Laan et al., 2012; McCarthy and Goldstein, 2006; Parmentier et al., 
2000; Schaefer et al., 2000; Yu et al., 2006; Zheng et al., 2013). It has also 
been suggested that actin filaments are directly involved in spindle positioning 
(Fink et al., 2011; Kunda and Baum, 2009; Mitsushima et al., 2010; Thery et al., 
21 
2005; Toyoshima and Nishida, 2007; Woolner et al., 2008; Woolner and 
Papalopulu, 2012) but the precise dynamics and whether they act independently 
of or interact with astral microtubules may be context dependent. 
 
Apico-basal polarity may act in combination with these mechanisms of spindle 
positioning. In mammalian cells, the LGN/NuMA/Gαi complex co-localises with 
the apical Par polarity protein complex via the adaptor protein Inscuteable 
(Lechler and Fuchs, 2005). LGN/NuMA/Gαi/Par3 are localised at the opposite 
pole of the cell to integrins and the basement membrane, which are required for 
apical localisation of the complex (Lechler and Fuchs, 2005). In zebrafish neural 
progenitor cells, the polarity protein Scribble has been shown to orient the 
spindle through assembly of cadherin-based cell-cell adhesion complexes, 
although this function appears to be independent of other apico-basal polarity 
proteins (Zigman et al., 2011). In addition to direct molecular roles of apical and 
basolateral polarity proteins, a balance of opposing forces along the apico-basal 
axis has been described to stabilise spindle position during epithelial spreading in 
Xenopus, ensuring that divisions are symmetrical (Woolner and Papalopulu, 
2012).  
 
1.1.3.4 Cell geometry in spindle orientation 
Cell geometry has long been considered the default mechanism of determining 
division orientation, with cells dividing along their long axis by default according 
to Hertwig’s rule (Hertwig, 1893; Honda, 1983; Strauss et al., 2006). Several 
recent experiments have shown that this is generally true, although it can be 
overridden by other cues (Minc et al., 2011) (reviewed in Gillies and Cabernard, 
2011; Segalen and Bellaiche, 2009; Siller and Doe, 2009). Cell elongation is 
dependent on microtubules and so it is likely that cells can determine the axis of 
division by autonomously measuring the length of these microtubules (Minc et 
al., 2011), although this is not completely clear. In an epithelium it is likely that 
cell shape will be influenced by neighbouring cells and so will depend on and 
feedback to overall tissue architecture.  
 
1.1.4  Cell shape changes 
As described above, cell shape changes are intimately linked with cell division 
and cell rearrangements. During Drosophila gastrulation, inhibition of mitosis is 
required during invagination of the mesoderm (Grosshans and Wieschaus, 
2000). Conversely, other work has demonstrated an active role for mitotic cell 
rounding in invagination of the epithelial tissue tracheal placode (Kondo and 
Hayashi, 2013). Mitotic entry of several adjacent cells, but not cell division per 
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se, has thus been suggested to act as a morphogenetic switch, which can be 
spatially and temporally controlled (Kondo and Hayashi, 2013). Furthermore, 
recent studies have shown that by altering their own shape and adjusting cell-
cell junctions in response to a single dividing cell, neighbours are able to remain 
closely associated, regulating the organisation of the tissue (Founounou et al., 
2013; Guillot and Lecuit, 2013; Herszterg et al., 2013).  
 
1.1.4.1 Apical constriction 
Aside from cell shape changes related to division, another major mechanism of 
morphogenesis is the generation of physical asymmetry along a cell length. This 
occurs when one end of the cell, usually the apical end, contracts, causing the 
cell to change from a regular cuboidal shape to a trapezoidal/wedge shape.  
When a group of neighbouring cells in an epithelial sheet all change shape in this 
way, this leads to focal bending and deformation (Fig. 1.1C). Apical constriction 
is a key process in invagination and evagination of epithelia and the formation of 
tubules, and is often accompanied by other morphogenetic methods such as 
oriented divisions as in invertebrate gastrulation, vertebrate neural tube 
formation and branching morphogenesis of the lung (Burnside, 1971; Haigo et 
al., 2003; Jacobson et al., 1986; Kim and Nelson, 2012; Kimberly and Hardin, 
1998; Lee and Goldstein, 2003; Lee and Harland, 2007; Rohrschneider and 
Nance, 2009; Young et al., 1991). In a recent elegant study, comprising both 
experimental and modelling data, apical constriction was shown to be sufficient 
to drive the early stages of new lung bud formation, whereas cell division was 
dispensable (Kim and Nelson, 2012).  
 
Cellular shape changes may be governed by extracellular signalling (e.g. the PCP 
or Fat/dachous pathway) or by mechanical forces, either produced internally or 
from the external environment. It has been hypothesised that apical constriction 
is driven by tension in the network of actin microfilaments adjacent to apical cell-
cell junctions. This is mediated by the molecular motor myosin, which may be 
controlled by the small GTPase Rho via Rho-associated protein kinase (ROCK) 
(Kalaji et al., 2012; Young et al., 1991). Alternatively, in the Xenopus 
neuroepithelium, the actin binding protein Shroom has been demonstrated to be 
sufficient to initiate apical constriction in polarised epithelial cells, and is 
associated with enriched apical actin, but requires the alternative small GTPase 
Rap1, rather than Rho (Haigo et al., 2003). In different cells of the same animal 
model (Xenopus bottle cells, during gastrulation) microtubules are arranged in 
polarised arrays during apical constriction suggesting they too could drive this 
process (Lee and Harland, 2007).  
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1.1.5  Forces in Morphogenesis 
1.1.5.1 Cellular generation of forces 
Mechanical forces can alter cell shape and orient division but are also responsible 
for cell movements and changes in gene expression. Cells generally generate 
forces through polymerisation of cytoskeletal actin microfilaments and 
microtubules and associated molecular motors or through osmotic pressure. 
Motor proteins, such a myosin, alter the organisation of the cytoskeleton and 
these changes can be transduced to neighbouring cells and the extracellular 
environment by linking the cytoskeleton to cell adhesions (reviewed in 
Heisenberg and Bellaiche, 2013; Salbreux et al., 2012).   
 
Cell structure is determined by cell adhesion and cortical tension (mediated by 
actin-myosin contraction) and the Cellular Potts mathematical model states that 
their combined activities explain the self-organisation of cells at steady state 
(Graner and Glazier, 1992; Heisenberg and Bellaiche, 2013). However, cell and 
tissue morphogenesis are dynamic processes and so a number of studies have 
analysed how changes in the distribution of cytoskeletal components and 
adhesions within a cell can drive this process.  
 
Intracellular flows of actin and/or myosin are important and can vary in their 
spatiotemporal force generation by acting either in one or many directions within 
the cell and by their discontinuous (pulsatile) or continuous nature (Behrndt et 
al., 2012; Heisenberg and Bellaiche, 2013; Martin et al., 2009). These flows 
must be coupled to adhesions to transmit the resulting forces and cell and tissue 
shape changes must be rapidly stabilised.  
 
For example, during Drosophila gastrulation, apical constriction of mesodermal 
cells is driven by pulsatile ﬂow of the apical actin-myosin network towards the 
centre of the cell apex (Martin et al., 2009). As the actin-myosin network is 
coupled to apical cell adhesions, the adhesions move inward at each pulse and it 
is believed that the accumulation of actin and myosin stabilises resulting cell 
shape changes, leading to gradual reduction of the cell apex (Martin et al., 2009; 
Roh-Johnson et al., 2012). Similarly, during cell intercalation, pulsatile 
actin/myosin ﬂow directed along one axis only causes myosin to accumulate and 
results in shortening and stabilisation of junctions on that side, as is the case in 
Drosophila germband elongation (Rauzi et al., 2010; Sawyer et al., 2011). 
Continuous flows of actin-myosin have been observed in the zebrafish yolk cell, 
which provide the necessary pulling force for the spreading of the overlying 
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Figure 1.1. Cellular mechanism of morphogenesis.  
 
A, Convergent extension includes two different types of cell movement. During 
collective migration, cells migrate as a cohesive sheet and do not change their 
position relative to neighbouring cells. Leading edge are highly polarised and 
show protrusive lamellipodia and blebs (green). During cell intercalation, cells 
elongate and orient their protrusions along the medio-lateral axis. As they 
intercalate, they exchange neighbours and are redistributed along the anterior-
posterior axis, extending the tissue in this direction. Thick grey arrow indicates 
the direction(s) of movement. A, anterior; P, posterior; M, medial; L, lateral. B, 
Oriented cell divisions. Symmetric horizontal divisions within the plane of the 
epithelium give rise to two daughter cells with the same fate, potentially 
extending the tissue in the direction shown. Vertical cell divisions stratify the 
tissue in the direction shown and often give asymmetric cell fates. This division 
gives rise to one proliferative daughter cell and one differentiating daughter 
(grey). The basement membrane is shown in magenta. C, Schematic of epithelial 
cells undergoing apical constriction (blue). Apical cell-cell junctions are shown in 
green. Apical constriction causing cells to adopt a trapezoid shape, leading to 
bending of the tissue. View of the apical surface en face before and after of 
apical constriction shows apical constriction pulling neighboring cells inward, 
suggesting that contractile forces generate tension in constricting cells.  
 
Figures and legend modified from Tada and Heisenberg (2012) (A) and Gillies and 
Cabernard (2011) (B).  
  







epithelial enveloping layer (EVL) during zebrafish gastrulation (Behrndt et al., 
2012). Resultant forces can thus be sensed by neighbouring cells and feed back 
onto their mechanical properties, gene expression and behaviour.  
 
1.1.5.2 Tissue-wide integration of forces 
Force generation at the cellular scale and resulting local forces must be co-
ordinated and transmitted throughout the tissue for morphogenesis to occur. 
Differential patterns of gene expression can co-ordinate local mechanical 
properties, such as cell polarity and adhesions, leading cells to contract in the 
same way along a predetermined axis and generating many of the collective cell 
behaviours discussed above (cell shape changes, oriented cell divisions). These 
local forces can also be integrated with global external forces to further deform 
the tissue. For example, in invagination of the Drosophila mesoderm, cells 
undergo the common process of isotropic apical constriction but additional 
external stress along the anterior-posterior axis causes the cells to constrict 
preferentially along the dorsoventral axis (Heisenberg and Bellaiche, 2013; 
Martin et al., 2010). Large scale morphogenetic movements and tissue 
deformations can also feed back onto tissue patterning, for example through the 
reorganisation of cells forming an important signalling centre (Aigouy et al., 
2010; Sagner et al., 2012).  
 
A number of molecular mediators of mechanosensation and transduction have 
been identified. Cell adhesion molecules are important mechanosensors, and 
may themselves be deformed by forces, which can alter their function. An 
example at cell-cell contacts is the E-cadherin complex, which when extracellular 
force is applied, binds via an intracellular protein to actin, resulting in cell 
stiffening (le Duc et al., 2010). At the cell-extracellular matrix interface, when 
subjected to force, cell surface integrins change conformation and reveal 
previously hidden peptide sequences, subsequently altering their binding 
properties (Brown and Discher, 2009). Conformational changes can also allow for 
protein phosphorylation and activation of downstream signalling, which could be 
important in limiting a specific biochemical activity to the region of a cell under 
high stress (reviewed in Asnacios and Hamant, 2012; Sawada et al., 2006).  
 
There are also a number of downstream transducers. The transcriptional 
regulators YAP (Yes-associated protein) and TAZ (transcriptional coactivator with 
PDZ-binding motif) sense the stiffness of the extracellular matrix via cortical 
tension and the accompanying formation of actin stress fibres (Dupont et al., 
2011; Heisenberg and Bellaiche, 2013). This causes them to translocate from 
the cytoplasm to the nucleus where they regulate transcription and subsequent 
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proliferation and differentiation (Dupont et al., 2011; Wada et al., 2011). It is 
likely that transcriptional changes and differentiation will, in turn, alter the ability 
of a cell to generate and sense forces.  
 
Exactly how the interplay between genetic and environmental information 
controls cell shape, rearrangement and division remains to be seen. It is logical 
that the more elaborate a morphogenetic process is, the more likely it is to 
involve multiple coordinated cellular and mechanical mechanisms.  
 
1.2 Epithelial Structure and Polarity 
Cell polarity is fundamental to both development and physiology, and may be 
defined as asymmetry in cell shape and/or function.  The majority of vertebrate 
cells show some polarity, but the most abundant type of polarised cell is the 
epithelial cell. Epithelial cells are the basic cellular unit required for the formation 
of many organs, including the brain and spinal cord, and can be defined through 
several classical features. Firstly, they are primarily arranged as sheets of 
columnar shaped cells, are connected by cell-cell contacts, and lie on top of a 
basal lamina. Secondly, they have defined apico-basal polarity.  
 
The apical membrane of a polarised cell faces towards the lumen of an organ, 
such as the ventricle/central canal in the brain, or the superficial surface of an 
organism, whereas the basolateral membrane faces away. The basolateral 
membrane contacts other cells and/or extracellular matrix components laterally 
and the basal lamina basally. Positioned between these two membrane domains 
is a ‘junctional belt’ of polarity proteins, which are involved in the formation and 
maintenance of cell-cell junctions.  These junctions not only anchor epithelial 
cells to each other, forming a cohesive tissue, but also ensure the function of the 
epithelium as a physiological barrier, isolating the body from the external 
environment (Rodriguez-Boulan and Nelson, 1989).  
 
There are four main types of junction between the cells in most vertebrate 
epithelia: tight junctions, adherens junctions, gap junctions and desmosomes 
(Fig. 1.2). Although adherens and tight junctions both provide crucial adhesive 
contacts between neighbouring epithelial cells, they comprise different protein 
components and so differ in their specific functions. Generally, proteins of these 
junctions appear to be conserved between species but descriptions of how they 
are arranged can vary (Knust and Bossinger, 2002) (reviewed in Hartsock and 
Nelson, 2008).  
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1.2.1  Tight Junctions 
Tight junctions (TJs) are the most apical junction in vertebrate epithelia and 
contain almost no intercellular membrane, giving rise to their alternative name, 
zonulae occludens. They have two major functions: to prevent the mixing of 
membrane proteins between the apical and basolateral membranes and to 
control the passage of ions and solutes between cells (Tang and Goodenough, 
2003; Tsukita et al., 2001). Tight junctions are composed of three types of 
transmembrane protein, the IgG-like family of junctional adhesion molecules 
(JAMs), the occludins and the claudins (Furuse and Tsukita, 2006; Schneeberger 
and Lynch, 2004) (reviewed in Hartsock and Nelson, 2008) (Fig. 1.2). JAM 
proteins engage in homophilic and heterophilic associations and are involved in 
basic cell adhesion, necessary for tight junction assembly (Ebnet et al., 2004). 
The occludins and claudins form the classic protein strands observed through 
electron microscopy of tight junctions and confer tight junction function by 
creating a physical barrier (Furuse et al., 1998). These proteins also act like ion 
channels to regulate the selectivity of the ‘paracellular permeability barrier’ 
(Tang and Goodenough, 2003). Interestingly, in all vertebrate neuroepithelia 
tight junctions are formed only transiently during development and are not 
maintained at later stages (Brightman and Reese, 1969). It is possible, 
therefore, that these tight tissue barriers are necessary only for morphogenetic 
processes, such as lumen inflation.  
 
Tight junctions also contain cytoplasmic scaffolding proteins of the MAGUK 
(membrane associated guanylate kinase homologues) family, including zona 
occludens (ZO)-1, -2, and -3. These proteins contain multiple protein-protein 
interaction domains (PDZ and SH3), allowing them to bind to many proteins, 
including the claudins, occludins and JAMs (Funke et al., 2005; Hartsock and 
Nelson, 2008). They have also been implicated in binding to components of 
adherens junctions, for example ZO-1 and 2 bind to -catenin, and so could act 
as a link between the two types of junction (Itoh et al., 1999; Itoh et al., 1997; 
Muller et al., 2005; Rajasekaran et al., 1996). In addition, ZOs interact with 
filamentous (F)-actin of the cytoskeleton (Fanning et al., 1998).  
 
Another family of cell-adhesion molecules, the IgG-like nectins, are involved in 
the formation of both tight and adherens junctions (Sakisaka et al., 2007; Takai 
and Nakanishi, 2003). These undergo heterophilic Ca2+-independent binding, 
creating nascent contacts between cells and forming a scaffold on which AJs and 
TJ components can assemble (Harrison et al., 2011; Takai and Nakanishi, 2003) 
(reviewed in Huang et al., 2012). Nectins also bind to the cytoplasmic protein 
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Figure 1.2. Schematic representation of a typical mammalian epithelial 
cell showing likely cell-cell and cell-ECM contacts.  
 
A, Tight junctions (TJs, purple) are the most apical junction and act to prevent 
mixing of apical and basolateral membrane components, to control the flow of 
solutes and ions between cells and as a physical barrier to the external 
environment. Adherens junctions (AJs, blue) provide strong cell-cell adhesions 
and interact with the actin cytoskeleton (yellow). Desmosomes (pink) function in 
cell adhesion and interact with intermediate filaments (IFs, grey). Gap junctions 
(orange) form channels between cells, allowing ions and solutes to pass freely 
between adjacent cells. B, Detailed schematic of a tight junction and an 
adherens junction. TJs consist of several transmembrane proteins: IgG-like 
junctional adhesion molecules (JAMs), occludins and claudins. JAMs engage in 
homophilic or heterophilic associations and are involved in basic cell adhesion. 
Occludins and claudins confer TJ function by creating a physical barrier and 
controlling ion flow. Zona occludens (ZO) proteins interact with many other 
proteins and with F-actin of the cytoskeleton (yellow). AJs consist of 
transmembrane glycoproteins of the cadherin family and cytosolic proteins of the 
catenin family. The cadherins initiate cell contacts through homophilic 
interactions with cadherins on the surface of neighbouring cells. The catenins 
(inc. , ß and p120 catenin) interact with actin, microtubules and several other 
proteins, including ZO-1 and ZO-2.  
 




























Figure 1.2. Schematic representation of a typical







afadin, which binds directly to actin microfilaments, stabilising nascent junctions 
(Takai and Nakanishi, 2003).  
 
1.2.2  Adherens Junctions  
Adherens junctions (zonulae adherens) are positioned immediately below tight 
junctions and perform multiple functions. These include initiation of and 
stabilisation of cell-cell adhesions, intracellular signaling and transcription 
regulation, and interaction with the actin cytoskeleton. Central to the formation 
and function of adherens junctions are the transmembrane glycoproteins of the 
cadherin family, such as E-Cadherin, and the cytosolic catenin family, including 
p120 catenin, -catenin, and -catenin (reviewed in Hartsock and Nelson, 2008) 
(Fig. 1.2).  The cadherins initiate cell-cell contacts through homophilic 
interactions with cadherins on neighbouring cells, which are dependent on the 
presence of Ca2+ ions (Gumbiner, 2005). They also bind to many cytoplasmic 
proteins, including the catenins, which connect cadherins to F-actin and to 
several signalling pathways (reviewed in Perez-Moreno and Fuchs, 2006). This 
acts to stabilise cell-cell contacts, either directly or via additional actin binding 
proteins (Drees et al., 2005; Yap et al., 1998) (reviewed in Yamada et al., 
2005). β-catenin-mediated links to the microtubule cytoskeleton have also been 
described (Ligon et al., 2001).  
 
A crucial feature of adherens junctions is that they can be remodelled, which 
provides a mechanism for epithelial cell rearrangements (reviewed in Huang et 
al., 2012; Nishimura and Takeichi, 2009). In both tight and adherens junctions, 
adhesion proteins are constantly recycled, whilst the junction remains functional 
(Shen et al., 2008) (reviewed in Steed et al., 2010). For example, live cell 
imaging has revealed that E-cadherin is actively and rapidly turned over at 
adherens junctions and is continually trafficked between the cell surface and 
recycling endosomes (Baum and Georgiou, 2011; Bryant and Stow, 2004; de 
Beco et al., 2009; Hong et al., 2010b; Le et al., 1999; Troyanovsky et al., 
2006).  
 
Recently, a different form of adherens junction has been described in endothelial 
cell culture, which attaches to the ends of stress fibres, rather than to cortical F-
actin (Millan et al., 2010). These have been termed ‘discontinuous AJs’, and 
although they co-localise with the usual components of AJs and TJs (catenins, 
ZO-1, JAM-A) they are morphologically distinct and are more dynamic than 
conventional AJs (Millan et al., 2010). These junctions could therefore represent 
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an additional mechanism allowing for fast cellular reorganisation, an important 
aspect of morphogenesis.   
 
There are numerous common binding partners, signalling pathways and 
cytoskeletal linkages between AJs and TJs, and each appears to be at least 
partially required for the other’s formation and/or function. For example, 
formation of traditional adherens junctions through E-cadherin is generally 
believed to be required for subsequent localisation and assembly of tight junction 
proteins, including ZO-1 (Itoh et al., 1999; Rajasekaran et al., 1996; Siliciano 
and Goodenough, 1988). However, in the same epithelial cell culture system, 
cadherins have been shown to be dispensable for later tight junction 
maintenance (Capaldo and Macara, 2007). Conversely, cell-lines expressing 
mutated ZO-1 exhibit delayed maturation of adherens junctions (Ikenouchi et 
al., 2007). This indicates a degree of interdependence between these two types 
of junction, which requires further investigation.  
 
1.3 Polarity Complex Proteins 
The initial establishment of apical-basal polarity and the subsequent formation of 
functional junctions require the coordinated interactions of a number of polarity 
proteins, which usually act as multi-protein complexes. Important polarity 
complexes include the apically localised Par3/Par6/aPKC complex mentioned 
above, the Crumbs/PALS1/PATJ1 complex, also apically localised, and the lateral 
Scribble/DLG/LGL complex (Fig. 1.3). Most of these complexes were initially 
described in the invertebrates Caenorhabditis elegans and Drosophila 
melanogaster but, aided by the high degree of conservation of protein 
structures, much recent work has focussed on mammalian homologues. There is 
limited data specific to zebrafish but this is rapidly increasing and many of the 
findings in other vertebrates appear to be applicable to this species. The 
complexes are generally believed to act as scaffolds to bring together multiple 
proteins, and to regulate both membrane trafficking and the cytoskeleton. 
Localisation of these polarity proteins appears to be key in specifying where a 
lumen will form (Buckley et al., 2013; Jaffe et al., 2008; Munson et al., 2008; 
Rodriguez-Fraticelli et al., 2012; Schluter et al., 2009).  
 
1.3.1 The Par Complex 
‘Partition defective’ (Par) proteins were first identified in C. elegans through a 
genetic screen for mutations affecting asymmetric divisions in the zygote 
(Kemphues et al., 1988). This screen, together with additional works, resulted in 
the identification of seven par genes, and many of the Par proteins were shown 
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to be asymmetrically distributed in the embryo (Kemphues et al., 1988; Tabuse 
et al., 1998) (Assemat et al., 2008; Goldstein and Macara, 2007). In C. elegans, 
Par3, Par6 and ‘Par7’ (an atypical protein kinase, PKC3, also known as aPKC) 
localise to the anterior cortex of the zygote whereas the other Par proteins 
localise basally and/or diffusely throughout the cytoplasm (Ahringer, 2003). 
Similarly, Drosophila homologues Bazooka (Par3), DmPar6 and DaPKC have 
been shown to localise to the apical cortex of neuroblasts (Kuchinke et al., 1998; 
Wodarz et al., 2000) (Wodarz, 2005). C. elegans and Drosophila embryos 
mutant for Par3, Par6 or aPKC show defects in polarity and spindle orientation 
(Cheng et al., 1995; Etemad-Moghadam et al., 1995; Kemphues et al., 1988) 
and, furthermore, in the Drosophila mutants the distribution of basally localised 
cell fate determinants such as Numb and Prospero is perturbed (Doe et al., 
1991; Hirata et al., 1995; Knoblich et al., 1995; Rhyu et al., 1994; Spana and 
Doe, 1995; Uemura et al., 1989; Vaessin et al., 1991).  
 
1.3.1.1 Par3 
The Par3/Par6/aPKC complex always consists of two scaffold proteins (Par3 and 
Par6) and a serine/threonine protein kinase (aPKC) (Fig. 1.3) (reviewed in St 
Johnston and Ahringer, 2010). Mammalian Par3 homologues are denoted PAR3A 
or ASIP (atypical PKC isotype-specific interacting protein) and Par3B (Izumi et 
al., 1998) (reviewed in Goldstein and Macara, 2007). In zebrafish, there is one 
Par3 gene and the homologous protein is expressed in three different isoforms, 
ASIP/PAR3, Pard3a, and Pard3b (Geldmacher-Voss et al., 2003; Wei et al., 
2004). All of these isoforms have a conserved modular structure, including three 
conserved regions; an N-terminal oligomerisation domain, three PDZ domains 
and a coiled coil C-terminal domain (von Trotha et al., 2006). Through a deletion 
analysis von Trotha and colleagues showed that the oligomerisation domain and 
the PDZ domains of ASIP/PAR3-EGFP are involved in localisation of this protein 
to the junctional belt of zebrafish neuroepithelial cells. This supports functional 
studies carried out in both Drosophila follicular epithelia and Madin–Darby canine 
kidney (MDCK) cell culture, where the oligomerisation domain has been shown to 
be required for apical membrane localisation as well as the formation of 
homodimer associations (Benton and St Johnston, 2003; Mizuno et al., 2003). 
The C-terminal domain has also been implicated in contributing to localisation of 
the protein to the apical membrane although whether it is sufficient may be 
species and/or context dependent (Krahn et al., 2010; von Trotha et al., 2006).  
 
The conserved PDZ protein-protein interaction domains of Par3 have been shown 
to interact with vertebrate PAR6 (Joberty et al., 2000; Lin et al., 2000), 
adherens junction components, including nectins (Takekuni et al., 2003), JAMs 
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(Ebnet et al., 2003; Ebnet et al., 2001; Itoh et al., 2001) and the lipid 
phosphatase PTEN (von Stein et al., 2005; von Trotha et al., 2006). The C-
terminal domain has also been shown to interact with Rac-specific guanine 
nucleotide-exchange factor (GEF) TIAM1 (also known as STEF) (Chen and 
Macara, 2005; Mertens et al., 2005; Nishimura et al., 2005) and with the 
microtubule motor protein KIF3 (Nishimura et al., 2004). These and other 
interactions are likely to be involved in linking the cytoskeleton and cell-cell 
contacts.  In fact, Par3 has been implicated in organisation of the microtubule 
network and centrosome positioning in both in vitro and in vivo studies (Cai et 
al., 2003; Feldman and Priess, 2012; Grill et al., 2001; Hong et al., 2010a; 




In mammals, there are three known Par6 genes, encoding three proteins: 
Par6A/C, Par6B and Par6D/G (Joberty et al., 2000). Although these proteins are 
structurally similar, studies in MDCK cells have shown that they have slightly 
different spatiotemporal localisations, suggesting different functions (Gao and 
Macara, 2004). Data from the zebrafish supports this functional diversity 
(Munson et al., 2008). There are 4 Par6 (Pard6) genes in zebrafish and embryos 
mutant for Pard6gammab protein show defects in spindle orientation and 
multiple lumens in the neural tube, although polarisation of other apical proteins 
is not completely absent (Munson et al., 2008). These mutant phenotypes were 
partially rescued by Pard6alpha, but not by two other Pard6 genes (Pard6beta or 
Pard6gamma) (Munson et al., 2008).  
 
The key role of Par6 proteins appears to be as adaptor proteins, linking aPKC to 
Par3 and other downstream effectors, including small GTPases of the Rho family 
and the lateral scribble complex protein LGL (Iden and Collard, 2008). Like Par3, 
Par6 contains several protein-protein interaction domains, including an N-
terminal Phox/Bem 1 (PB1) domain, which can bind other PB1-domain containing 
proteins (e.g. aPKC) and a PDZ domain, which binds other proteins such as Par3 
and CRB3 (Assemat et al., 2008). It also contains a Cdc42/Rac interaction 
binding (CRIB) motif, which binds these Rho family GTPases only in their active 
GTP-bound state (Joberty et al., 2000; Lin et al., 2000). Cdc42-GTP has been 
shown to induce a conformational change in Par6B (Garrard et al., 2003) and it 
has been suggested that this may be necessary for binding to tight junction 
protein PALS1, part of the Crumbs complex (Hurd et al., 2003; Johansson et al., 
2000). Cdc42 and Rac1 are known to have essential roles in cellular polarity in 
several different systems and have been shown to function in the regulation of 
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both the actin and microtubule cytoskeletons, in signalling pathways and in 
endocytosis, illustrating an important role in the formation and maintenance of 
epithelial junctions and polarity (Fig. 1.3) (Kozubowski et al., 2008; Lin et al., 
2000; Wang et al., 2004; Yu et al., 2005) (Etienne-Manneville, 2004).  
 
1.3.1.3 aPKC 
APKC is a serine/threonine kinase and functions to phosphorylate several 
proteins, including Par3 and LGL (a component of the Scribble complex), 
generally acting to inhibit protein function or to alter their ability to bind and 
interact with other proteins (Betschinger et al., 2003; Hutterer et al., 2004; 
Morais-de-Sa et al., 2010).  In mammals, there are two aPKC genes encoding 
two proteins, aPKCλ and aPKCζ, which appear to function in the same way (Ono 
et al., 1989; Selbie et al., 1993). Both contain a PB1 domain at the N terminal 
and a characteristic catalytic domain at the C terminal (Akimoto et al., 1994; 
Assemat et al., 2008). In MDCK cells, aPKCs have been shown to localise with 
other members of the Par complex to tight junctions and to directly associate 
with Par6 and Par3 (Izumi et al., 1998; Suzuki et al., 2001). Furthermore, 
knockdown of aPKC results in a loss of tight junction structural integrity (Suzuki 
et al., 2002).  aPKC has also been implicated in positioning of the centrosome, 
which is required for subsequent lumen formation in vitro (Rodriguez-Fraticelli et 
al., 2012). In vivo, a recent study of the mammalian epidermis has described a 
role for aPKCλ in regulating division orientation and thus in the control of cell 
fate and tissue homeostasis (Niessen et al., 2013).  
 
In zebrafish there are a two identified aPKC genes, with the official nomenclature 
protein kinase c zeta (prkc ζ) and iota (prkcι), although these are often referred 
to aPKCζ and aPKCλ/ι respectively. Loss of aPKCλ/ι in the zebrafish affects the 
formation and maintenance of adherens junctions the retina, neural tube and 
digestive system (Horne-Badovinac et al., 2001). This causes a multitude of 
phenotypes including defects in spindle orientation of neural retina progenitor 
cells and multiple disconnected lumens in the intestine (Horne-Badovinac et al., 
2001).  
 
1.3.2 The Crumbs Complex 
Another complex that localises to the apical junctional belt is the 
Crumbs/PALS1/PATJ complex, which was first identified in Drosophila epithelia 
(Bhat et al., 1999; Jurgens et al., 1984; Nam and Choi, 2003; Pielage et al., 
2003; Tepass and Knust, 1993; Tepass et al., 1990). The mammalian complex 
consists of three proteins: Crumbs (CRB), PALS1 (Protein Associated with Lin 
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Seven, homologue to Drosophila Stardust) and PATJ/MUPPI (PALS1-associated 
tight junction protein/Multi-PDZ containing Protein) (Fig. 1.3) (Assemat et al., 
2008). While Crumbs is a transmembrane protein, with extracellular laminin A/G 
and extracellular growth factor (EGF)-like domains, PALS1 and PATJ are both 
cytoplasmic scaffolding proteins containing protein-protein interaction domains 
(den Hollander et al., 1999; Katoh and Katoh, 2004; Roh et al., 2002).  
 
The Crumbs complex is required for the correct targeting of many proteins 
towards the apical end of the cell, including occludins, aPKC and zona occludens 
(ZO-1) (Pocha et al., 2011; Roh et al., 2003). CRB/PALS/PATJ is often located 
slightly further apically than the Par complex (Roh et al., 2003), although these 
two complexes have been linked together through demonstration of a direct 
interaction between PALS1 and Par6 in MDCK cells (Hurd et al., 2003). It has 
been subsequently suggested that the Crumbs and Par complexes are mutually 
dependent for their stable localisation to the apical junctional belt (Fig. 1.3) 
(Fletcher et al., 2012; Hurd et al., 2003; Tanentzapf and Tepass, 2003). In 3D 
cell culture Crumbs3a delivery to the apical membrane has been shown to be 
necessary for the early steps of lumen formation, linked to cytokinesis (Schluter 
et al., 2009). In vivo in the zebrafish neural rod, it has been suggested that 
Rab11 GTPase-dependent trafficking of Crumbs2a may be necessary for the 
maintenance of apical junctions and subsequent lumen formation (Buckley et al., 
2013).  
 
1.3.3 The Scribble Complex 
The Scribble complex is localised to the basolateral membrane domain of 
epithelial cells and appears to act to antagonise the Par complex and thus ensure 
that the apical and lateral membranes remain distinct (Fig. 1.3) (Bilder and 
Perrimon, 2000; Tanentzapf and Tepass, 2003).  In vertebrates, this complex 
consists of Lethal giant larvae (LGL), Lethal discs large (DLG), and Scribble 
(SCRIB) homologues, named after the Drosophila mutants from which they were 
initially described. Both SCRIB and DLG contain PDZ domains, along with other 
protein-protein interaction motifs, and are likely to act as protein scaffolds 
(Assemat et al., 2008; Santoni et al., 2002). LGL homologues are syntaxin-
binding proteins and have been implicated in the regulation of polarised 
exocytosis (Musch et al., 2002) (Mellman and Nelson, 2008). Recently, Scribble 
has been linked to spindle orientation in zebrafish neural progenitor cells through 
regulation of cadherin-based cell-cell junctions (Zigman et al., 2011).  
 
37 
1.4 Establishing Apico-basal Polarity 
Based on both expression and functional genetic studies, the majority of the 
polarity complex proteins have been implicated in the formation and 
maintenance of epithelial cell-cell junctions. There are, however, conflicting ideas 
concerning the mechanisms through which epithelial polarity is initially 
established and how this polarity predicts cell-cell contacts, lumen formation and 
tissue function.  
 
Several steps have been described in the generation of polarity, which begins 
with breaking symmetry of the cell i.e. one side of the cell becomes 
differentiated from the other. Localised assembly of various polarity complexes 
then occurs and the cytoskeleton is re-arranged into a polarised network. 
Distinct membrane domains are concurrently established along an intracellular 
axis through trafficking and endocytosis. Finally, the polarity of individual cells is 
co-ordinated to form a mature polarised tissue.  
 
1.4.1 Establishing Cellular Asymmetry 
The initial events responsible for breaking the symmetry of a cell can be directed 
by spatial cues or can occur spontaneously (Bryant and Mostov, 2008; 
Kozubowski et al., 2008; Martin-Belmonte et al., 2007; Munro and Bowerman, 
2009; Paluch et al., 2006). The sensing of diffusible factors, such as 
morphogens, chemoattractants and chemorepellants can establish asymmetry, 
as can cell-cell interactions through cadherins or other adhesion molecules 
(Gumbiner, 2005; Gurdon and Bourillot, 2001). Various cell-ECM receptors, 
including integrins, dystroglycan and proteoglycans allow cells to sense the 
presence, composition and mechanical properties of the ECM and respond 
accordingly (Deng et al., 2004; Kass et al., 2007; Miner and Yurchenco, 2004; 
Yu et al., 2005).  
 
Alternatively, polarisation can arise in the absence of spatial cues by stochastic 
fluctuations and feedback mechanisms. The formation of spatial patterns from 
initially homogenous conditions was first suggested many years ago and may be 
applied to random asymmetries in the localisation and/or stability of polarity 
proteins, which is subsequently amplified and reinforced (Kozubowski et al., 
2008; Turing, 1952). For example, the conserved Rho-family GTPase Cdc42 
appears to be a master regulator of cell polarity and, in motile cells, 
accumulations of the active form of this protein determines the future front of 
the cell (Etienne-Manneville, 2004; Park et al., 1997).  
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Figure 1.3. Polarity complex proteins and small GTPases are required to 
establish and maintain discrete apical and basolateral plasma membrane 
domains.  
A, In epithelial cells, several signalling molecules associate with the cytoplasmic 
surface of the plasma membrane around sites of cell-cell contact, including the 
apically localised Par and Crumbs complexes and the basolaterally localised 
Scribble complex. The Par complex consists of scaffold proteins Par3 and Par6 
and the serine/threonine protein kinase atypical protein kinase C (aPKC). The 
Crumbs complex is made up of the transmembrane protein Crumbs (CRB) and 
cytoplasmic scaffold proteins PALS1 (Protein Associated with Lin Seven, 
homologue to Drosophila Stardust) and PATJ/MUPPI (PALS1-associated tight 
junction protein/Multi-PDZ containing Protein), whilst the Scribble complex 
consists of Lethal giant larvae (LGL), Lethal discs large (DLG), and Scribble 
(SCRIB) homologues. Proteins within each of these three complexes physically 
interact as do PALS1 and Par6 (black line). aPKC functions to phosphorylate 
several proteins, including Par3 and LGL (not shown). The PAR and Crumbs 
complexes are believed to reinforce each other’s localisation and activity (double 
headed red arrow) and the PAR and Scribble complexes mutually antagonise 
each other (red inhibition lines). The Crumbs complex may also antagonise the 
Scribble complex. B, Par complex proteins structurally and functionally interact 
with Rho family GTPases. Par6 binds directly to active Cdc42 (Cdc42-GTP) and 
Par3 interacts with Rac-specific guanine nucleotide-exchange factor (GEF) 
TIAM1, which locally activates RAC1 (forming RAC1–GTP). These GTPases 
subsequently regulate actin organisation (yellow circles). The Par complex and 
associated Cdc42-GTP and Rac1-GTP also locally regulate the asymmetric 
distribution of different phosphoinositides. Par3 binds directly to PTEN 
(phosphatase and tensin homologue), which generates PIP2 
(phosphatidylinositol (4,5)-bisphosphate), whilst Rac1-GTP activates 
phosphoinositide 3-kinase (PI3K), which generates PIP3 (phosphatidylinositol-
3,4,5-trisphosphate).  PIP2 is subsequently restricted apically, whereas PIP3 is 
localised to the basolateral membrane.  
Figures and legend modified from (Mellman and Nelson, 2008; Suzuki and Ohno, 




Changes in tension of the cortical actin network driven by myosin motors may 
provide initial asymmetry, which can also occur spontaneously or in response to 
an environmental cue (Dai et al., 1999; Munro et al., 2004; Paluch et al., 2006; 
van der Gucht and Sykes, 2009). Local relaxation of cellular tension can result in 
cortical flows that lead to cell shape change and subsequent polarisation (Paluch 
et al., 2006). As discussed above, cell shape change may direct division. 
Cell division itself also appears to play an important role, with symmetry 
breaking occurring either during cell division as polarity proteins are localised to 
the abscission plane or immediately after division, through cell-cell contact 
between the resulting daughter cells (Jaffe et al., 2008; Martin-Belmonte et al., 
2007). This is supported by in vivo studies of zebrafish neural progenitor cells in 
which the polarity protein Pard3-GFP is polarised to the cleavage/abscission 
plane and is maintained at the new apical surface (Alexandre et al., 2010; Tawk 
et al., 2007). Whether this is a primary step in the establishment of polarity is 
unclear. 
 
It is possible that phosphoinositide signalling could also be involved in this 
process (Janetopoulos et al., 2005). In Dictyostelium, when cells divide, the 
phosphoinositide signalling regulator PI3K (phosphoinositide 3-kinase) is 
localised to the distal poles, whilst its antagonist PTEN (phosphatase and tensin 
homolog deleted on chromosome ten) is localised to the cleavage furrow, leading 
to spatial segregation of the phosphoinositides PIP2 (phosphatidylinositol (4,5)-
bisphosphate) and PIP3 (phosphatidylinositol (3,4,5)-trisphosphate) 
(Janetopoulos et al., 2005). Interestingly both PTEN and PI3K are required for 
cytokinesis and PTEN has also been implicated in organisation of lumenal 
membrane in MDCK cysts in vitro (Martin-Belmonte et al., 2007). In Drosophila, 
PTEN has been shown to directly associate with Bazooka (Par3 homologue) at 
the apical membrane of Drosophila epithelia and neuroblasts (von Stein et al., 
2005).  
 
1.4.2  Localised Assembly of Polarity Complexes and Junctional 
Components 
Once symmetry is broken, polarity proteins must be co-ordinated to organise the 
cellular axis. The localised assembly of polarity complexes has primarily been 
investigated in cell culture and studies of wound healing where it has been 
shown that epithelial junction formation can be divided into two phases. Firstly, 
spot-like ‘primordial adhesions’ (PAs) are formed at nascent cell-cell contacts, 
often aided by nectins (Adams et al., 1996; Vasioukhin et al., 2000; Yonemura 
et al., 1995). These adhesions serve to transiently and sequentially recruit 
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components, beginning with E-cadherin or ZO-1 (Adams et al., 1998; Yonemura 
et al., 1995). They are then progressively built up into mature, belt-like AJs and 
TJs (Adams et al., 1996). Mature junctions subsequently permit the assembly of 
a cortical actin-myosin contractile belt (Shapiro and Weis, 2009; Tang and 
Brieher, 2012).  
 
In the context of wound healing, it is believed that the Par complex is initially 
assembled away from PAs and is then recruited. Here, Par6 binds Cdc42 and 
Rac1, which subsequently activate aPKC, leading to maturation of the TJs 
(Suzuki et al., 2002). aPKC is one of the last components to be recruited and 
cells expressing a non-functional aPKC are able to localise all TJ membrane 
proteins and Par3 to PAs but cannot mature (Suzuki et al., 2002). Cortical actin 
bundle formation is also blocked in these cells, suggesting that aPKC contributes 
to epithelial cell polarity by promoting the transition of immature junctional 
structures into epithelial-specific belt-like functional junctions (Suzuki et al., 
2002).  
 
In contrast, in vivo, during Drosophila cellularisation the Par3 homologue 
Bazooka appears to be one of the first proteins recruited to nascent cell-cell 
contacts and is believed to act upstream of other AJ components to establish 
epithelial polarity (Harris and Peifer, 2004). This localisation requires cytoskeletal 
cues and dynein-mediated transport and can occur independently of Par6 and 
aPKC (Harris and Peifer, 2005). This demonstrates that although polarity 
proteins are often conserved between species, the order in which they are 
recruited and assembled into polarised complexes may vary across different 
systems and contexts.  
 
During zebrafish neurulation, it has been suggested that the establishment of 
neuroepithelial polarity occurs in several steps (Yang et al., 2009).  Here, the 
first proteins to be expressed are the tight junction-associated protein ZO-1 and 
the adherens junction protein N-cadherin, which are present as sparse puncta 
throughout the neural plate, although the exact subcellular location remains to 
be determined (Fig. 1.4) (Yang et al., 2009). As the neural plate converges 
towards the tissue midline and as cells begin to undergo midline divisions aPKC, 
Par3, Par6, ZO-1, catenins, Nok (the zebrafish PALS1 homologue) and Lin7c (a 
scaffolding protein associated with the Crumbs complex) all become enriched at 
the midline (Geldmacher-Voss et al., 2003; Munson et al., 2008; Tawk et al., 
2007; Yang et al., 2009). This midline localisation is further refined over time so 
that by neural rod and tube stages all of the above proteins become localised to 
the nascent apical surface (Geldmacher-Voss et al., 2003; Munson et al., 2008; 
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Tawk et al., 2007; Yang et al., 2009). Conversely, the basal marker GFAP (Glial 
fibrillary acidic protein) is exclusively expressed at the basal extremes of 
neuroprogenitor cells (Fig. 1.4) (Tawk et al., 2007). So, in the context of 
zebrafish neurulation it appears that ZO-1 and N-Cadherin are expressed early in 
the neural plate and therefore may constitute an initial step in the establishment 
of cellular polarity (Yang et al., 2009), although this is poorly understood.  
 
1.4.3  Cytoskeletal Rearrangements  
Concurrent with the localised assembly of nascent cell-cell junctions is the 
rearrangement of the cytoskeleton into a polarised network. Various polarity 
proteins and small GTPases are believed to be necessary for both localising 
modulators of actin polymerisation and for re-organisation of microtubules 
(Fukata et al., 2001; Pegtel et al., 2007). For example, in migratory cells in 
vitro, Par3 has been shown to bind the Rac GEF TIAM1, which acts via aPKC to 
stabilise microtubules during lamellipodia formation(Nishimura et al., 2005). It is 
possible that a similar mechanism could exist during epithelial polarisation. An 
organised and polarised cytoskeleton is crucial for the oriented delivery of 
polarity and junctional components by membrane trafficking mediators such as 
the Rab GTPases (Bryant et al., 2010; Buckley et al., 2013; Desclozeaux et al., 
2008; Lock and Stow, 2005; Roeth et al., 2009; Schluter et al., 2009; Schwartz 
et al., 2007).  
 
1.4.4  Establishing and Maintaining Discrete Membrane Domains 
Following the assembly and stabilisation of junctional complexes, discrete 
membrane compartments are established and maintained.  Both vesicle 
trafficking systems and polarity protein interactions are believed to be important 
in achieving this. Targeted exocytosis has long been considered a key 
mechanism in establishing distinct membrane domains, through trans golgi 
network-mediated sorting of apical and basolateral proteins into vesicles, which 
travel along various pathways and fuse with respective areas of the plasma 
membrane (Folsch et al., 2009).  
 
Recently the endocytic pathway has also been implicated in the establishment of 
distinct membrane domains and is believed to involve Rab GTPases and various 
polarity proteins (Balklava et al., 2007) (reviewed in Gould and Lippincott-
Schwartz, 2009; Shivas et al., 2010). A large-scale RNAi screen has shown that 
when the functions of Cdc42 or Par6 are knocked down, endocytic transport in 
both C. elegans and human HeLa cells is perturbed (Balklava et al., 2007). 
Furthermore, Cdc42-GFP is enriched on recycling endosomes, suggesting a direct  
Figure 1.4. Apico-basal Polarity is gradually established during 
zebrafish neurulation. 
Transverse (A,B, D-G) and horizontal (C) sections labelled with F-actin 
(green) and the apical proteins ZO-1 (white/blue) and Lin7c (white/red). 
A, At the 1 somite-stage (ss) ZO-1 is only expressed in the EVL overlying 
the neural tissue (arrowheads). C, ZO-1 and F-actin accumulation at the 
midline appears to progress along the anterior-posterior axis, anterior 
tissue first. D, By 10ss ZO-1 is expressed in clear puncta in dorsal tissue 
and appears to be organised towards the midline in ventral tissue 
(arrows). E-G, By 15ss ZO-1 clearly accumulates at the tissue midline, 
along with F-actin. Lin7c localises to the midline later than ZO-1 and is 
restricted ventrally in the posterior neural rod (arrow in G). 





function in the regulation of endocytosis (Balklava et al., 2007). As these polarity 
proteins are linked to the actomyosin network, it has been suggested that they 
could function to regulate endocytic trafficking by controlling actin dynamics and 
assembly (Balklava et al., 2007). Regardless of the mechanism, this study 
demonstrates a clear link between polarity proteins, trafficking of endosomes 
and the establishment of epithelial polarity. A recent review has suggested that 
endosomes may additionally function to provide a platform on which polarity 
complexes and key molecular machinery can be assembled (Gould and 
Lippincott-Schwartz, 2009).  
 
The asymmetric distribution of different phosphoinositides, PIP2 and PIP3, is also 
important in establishing membrane identity (Fig. 1.3). PTEN is a lipid 
phosphatase required to catalyse the conversion of PIP3 to PIP2, acting to 
antagonise PI3 Kinase and consequently inhibiting downstream signalling 
through the serine/threonine kinase AKT (Li et al., 1997). Localisation of PTEN to 
junctional membrane is controlled in vitro by Par3 (Feng et al., 2008). Par3 may 
therefore be responsible for restricting PTEN to tight junctions, regulating the 
segregation of PIP2 (apical) and PIP3 (basolateral) (von Stein et al., 2005). This 
asymmetric distribution has also been shown to be crucial for maintaining 
epithelial integrity in vitro (Gassama-Diagne et al., 2006; Martin-Belmonte et al., 
2007). 
 
Reciprocal exclusion mechanisms of polarity protein complexes are also 
important for the maintenance of separate apical and basal membrane domains 
(Fig. 1.3). For example, aPKC, localised apically, prevents apical localisation of 
the Scribble complex by phosphorylating LGL, causing it to dissociate from the 
cortex (Betschinger et al., 2003). Scribble can therefore only function in the 
basolateral membrane, where aPKC is not present. Similarly, LGL competes with 
Par3 for binding of Par6-aPKC, meaning the Par3-Par6-aPKC complex can only 
assemble where LGL is absent, i.e. apically (Yamanaka et al., 2003). These 
mechanisms ensure that these membrane domains do not overlap and that their 
respective sizes are maintained. This also ensures that the polarity and junctions 
of individual cells within a tissue are aligned, which is crucial if a tissue is to 
undergo morphogenesis.  
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1.5 Lumen formation/tubulogenesis 
1.5.1 Cellular mechanisms of tubulogenesis 
One major morphogenetic process, and the focus of this thesis, is the formation 
of tubular structures, or lumen. Despite a similar final organisation, 
morphogenetic mechanisms vary greatly between different tissues.  
 
1.5.1.1 Wrapping and budding 
Tubes can be formed from a pre-polarised primordium in two ways. An epithelial 
sheet can invaginate and roll up, creating a long tube (as seen during primary 
neurulation of the neural tube of some vertebrates, see section 1.6, Fig. 1.5) 
(reviewed in Iruela-Arispe and Beitel, 2013; Lubarsky and Krasnow, 2003; 
Sawyer et al., 2010). Alternatively, epithelial cells from an existing sheet or tube 
can invaginate to create a short new tube or bud, which occurs during the 
formation of the Drosophila salivary gland (Myat and Andrew, 2000) (reviewed in 
Andrew and Ewald, 2010). These processes are usually described as ‘wrapping’ 
and ‘budding’ respectively. The major difference between these two processes is 
that during wrapping a separate independent tube is formed, whereas following 
budding, the tube remains connected to original epithelium. Wrapping and 
budding are both driven by cell shape changes, including apical 
constriction (Barrett et al., 1997; Dawes-Hoang et al., 2005; Hacker and 
Perrimon, 1998; Haigo et al., 2003; Hildebrand, 2005; Kolsch et al., 2007; 
Nishimura and Takeichi, 2008; Sawyer et al., 2010).  
 
Alternatively, a lumen can be formed de novo in the middle of an unpolarised 
group of precursors, which will often undergo MET. Formation of a lumen in this 
way is also very variable and will subsequently involve the processes of 
cavitation and/or hollowing (reviwed in Iruela-Arispe and Beitel, 2013; Lubarsky 
and Krasnow, 2003).   
 
1.5.1.2 Cavitation 
Cavitation usually refers to elimination of the central cells, creating an empty 
space, but the exact mechanisms are unclear and cell death is required to 
varying degrees. In the mammalian mammary gland for example, the external 
structure is formed and apoptosis or autophagy subsequently eliminates a large 
number of the internal cells, which are replaced with fluid (Mailleux et al., 2007). 
However, in other contexts apoptosis may be necessary only to contribute to the 
efficiency of other mechanisms, such as hollowing, through acting to remove 
unpolarised cells (reviewed in Mailleux et al., 2008; Martin-Belmonte et al., 
2008). 
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Figure 1.5. Mechanisms of lumen formation.  
 
A, Cellular Mechanisms of lumen formation. Wrapping: A line of cells from an 
epithelial sheet invaginates and pinches off to enclose a lumen. Budding: Cells 
from an epithelial sheet or existing tube invaginates to form a new tube or 
branch, which is continuous with the original sheet. Cavitation: Cells form a solid 
primordium and then create lumenal space by apoptosis or autophagy of central 
cells. Cord hollowing: Cells form a solid primordium and then create a lumen by 
trafficking apico-basal polarity proteins and fluid to one surface. Cell hollowing: 
Single cells create a subcellular lumen by fusion of multiple intracellular vesicles 
to form one large vacuole. B, B’, Schematics detailing the MDCK 3D cyst culture 
system and ‘inside-out’ cyst reversion. B, In a collagen or laminin-based MDCK 
cyst culture system, a single cell suspension is plated in collagen. Over a period 
of 4-7 days, cells proliferate to form polarised, multi-cellular cysts. B’, When 
MDCK cells are grown in suspension culture, they form ‘inside-out’ cysts, 
whereby apical proteins are found on the peripheral (external) surface of the 
cyst and basolateral markers are found on the interior surface. However, when 
these cysts are embedded in a collagen or laminin matrix, they rapidly reorient 
their polarity; apical proteins become localised to the inside surface, and 
basolateral proteins are found on the surface that contacts ECM.  
 






The broad term cavitation often also includes cellular rearrangement, which has 
been described to occur in the zebrafish endodermal rod (future gut) although 
this also requires additional mechanisms, including cord hollowing (Bagnat et al., 
2007; Horne-Badovinac and Munro, 2011).  
 
1.5.1.3 Hollowing 
Lumen formation via hollowing can be divided into two separate processes: cell 
hollowing and cord hollowing, although both require vesicle transport and 
eventual fusion (Fig. 1.5A). Cell hollowing primarily applies to the formation of 
very narrow lumen, such as those present in capillaries. This process involves 
the coalescence of small intracellular vesicles, leading to the formation of a large 
vesicle (vacuole). Large vesicles of neighbouring cells then fuse with the plasma 
membrane, forming a continuous lumen (Kamei et al., 2006). 
 
Cord hollowing involves the exocytosis of vesicles and fusion with the plasma 
membrane (reviewed in Andrew and Ewald, 2010; Ellertsdottir et al., 2010). 
These vesicles deliver both apical membrane components and fluid to the 
intercellular space, meaning that polarisation and lumen formation occur 
simultaneously. As more vesicles fuse at the same point, the lumen grows larger 
and becomes continuous between cells (reviewed in Lubarsky and Krasnow, 
2003). Cord hollowing includes the developing zebrafish gut and vasculature and 
mammalian aorta (Bagnat et al., 2007; Ellertsdottir et al., 2010; Herwig et al., 
2011; Strilic et al., 2009).  
 
1.5.1.4 Cell division 
The formation of the zebrafish neural tube does not fit neatly into any of the 
described mechanistic classes. Cells of the neural plate are not conventionally 
epithelial and so do not undergo the processes of wrapping or budding. It is 
possible that some form of cord hollowing may be involved, although initial 
apical localisation of polarity proteins occurs prior to lumen formation and the 
lumen opens very rapidly (Buckley et al., 2013; Tawk et al., 2007; Yang et al., 
2009)(unpublished observations). A major mechanism of zebrafish neural tube 
morphogenesis is polarised divisions. Following these divisions, daughter cells 
line up on each side of the tissue and the lumen forms at the abscission plane 
between them. This will be discussed in detail in section 1.6.  
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1.5.2 Molecular mechanisms of lumen formation 
1.5.2.1 In vitro systems 
Most of the molecular details of lumen formation and apico-basal polarity have 
been provided from in vitro culture systems. When cells are grown in a 3D 
environment they form multicellular cysts, which, under permissive conditions, 
will form mini-lumens at their centre. These cysts may be formed of epithelial or 
endothelial cells and are a useful model to dissect the molecular mediators of 
lumen formation, being equivalent to cord hollowing in vivo (Debnath and 
Brugge, 2005; Desclozeaux et al., 2008; Jaffe et al., 2008; Rodriguez-Fraticelli 
et al., 2010).  
 
PTEN and phosphoinositide signalling have been implicated in organisation of 
lumenal membrane in MDCK cysts in vitro. During epithelial morphogenesis, 
PTEN localises to the apical membrane and mediates enrichment of PIP2. PIP2 
recruits Annexin 2 (Anx2) to the apical surface, which leads to recruitment of 
Cdc42 and, subsequently, aPKC (Martin-Belmonte et al., 2007). Loss of function 
of any of the above proteins prevents normal apical surface development, and 
cysts display multiple lumens (Martin-Belmonte et al., 2007). It appears that 
impaired vesicle delivery to the apical surface is the underlying cause and so it is 
possible that a motor protein-based transport mechanism regulates lumen 
formation in this context.  
 
Cdc42 is also required for lumen formation in Caco2 cyst culture. Knockdown of 
Cdc42 results in multiple mislocalised lumens, which have been shown to result 
from disrupted spindle and cleavage furrow orientation during division (Jaffe et 
al., 2008). Here, apical proteins are still targeted to the ectopic abscission sites, 
leading to ectopic lumen formation (Jaffe et al., 2008). Taken together with 
results from Tawk et al., (2007), showing that mislocalised C-divisions can 
generate duplicated neural tubes in the zebrafish, this evidence supports an 
important role for cell division in the efficient formation of a central lumen. In 3D 
endothelial cell culture, dominant-negative Cdc42 and Rac1 GTPases have both 
been shown to block lumen formation although they are believed to function at 
different stages during the process, with Rac1 only required for maintenance of 
the lumen (Bayless and Davis, 2002). Formation of both initial vacuoles and 
subsequent lumenal structures is known to be dependent on endothelial cell 
cytoskeletal machinery, which is regulated in part by these GTPases (Davis and 
Camarillo, 1996).  
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1.5.2.2 Extracellular Matrix in Lumen Formation  
In MDCK cyst culture, the extracellular matrix has been implicated as a potential 
link between cellular polarisation and tissue morphogenesis (Ekblom et al., 
1998; Liu et al., 2007). When MDCK cells are grown in 3D suspension culture, 
they initially form ‘multicellular "inside-out" cysts’, whereby apical proteins are 
found on the peripheral (external) surface of the cyst and basolateral markers 
are found on the interior surface (Fig. 1.5B). However, when these cysts are 
embedded in an ECM matrix, they reorient their polarity; apical proteins become 
localised to the inside surface and they form a lumen at this point (Fig. 1.5B) (Liu 
et al., 2007).  
 
Interaction of laminin or collagen ECM components with the β1 integrin receptor 
has been shown to induce activation of Rac1 (Yu et al., 2005). Blocking β1 
integrin function results in defects in laminin organisation and inverted apical 
polarity and can be rescued by expression of activated Rac1 or the addition of 
exogenous laminin (Yu et al., 2005). This indicates that there are multiple major 
roles for β1 integrin in this system, including the organisation of laminin into the 
basement membrane and as an intracellular signal transducer from the matrix. 
In cultured mammary glands cysts, integrin-linked kinase (ILK) rather than Rac1 
is required for orienting endocytic trafficking of apical components away from the 
basolateral membrane (Akhtar and Streuli, 2013), but the general principles are 
similar.  
 
Micropatterning of ECM components has also been used to examine the role of 
tension on lumen formation in single MDCK cells (Rodriguez-Fraticelli et al., 
2012). Intriguingly, this study showed that physical confinement is sufficient to 
promote lumen formation, regardless of the substrate to which the cells are 
attached. This suggests that at least in this in vitro context, the mechanical 
properties of the environment are more important than specific cell-ECM 
signalling.  
 
1.5.2.3 In vivo systems 
There are currently few in vivo models of lumen formation that allow the process 
to be visualised in high spatiotemporal detail. Studies in amniotes have primarily 
examined glands, vasculature and the neural tube (Davis et al., 2007; 
Humphreys et al., 1996; Jaskoll and Melnick, 1999; Zovein et al., 2010). In 
endothelial cells of the mouse vasculature β1 integrin appears to function 
upstream of Cdc42 and Par3 to drive the flattening of cells, required for lumen 
opening (Davis et al., 2007; Zovein et al., 2010).  In this system, loss of β1 
integrin was shown to lead to alterations in the levels and localisation of cell-cell 
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adhesion molecules, decreased expression of Par3 and luminal occlusion (Zovein 
et al., 2010).  
 
Recently, lumen formation has been addressed in the developing pharynx of the 
C. elegans embryo.  Here, Par3 polarises at the apical ends of epithelial double 
plate cells, which then undergo apical constriction to form a cylindrical cyst 
(Rasmussen et al., 2012). The orientation of these cells is determined by the 
presence of laminin in the adjacent the basement membrane, suggesting it has 
an early role in cell polarity (Rasmussen et al., 2012).  
 
Live imaging of the tubular branching or ‘budding’ in the Drosophila salivary 
gland and trachea has revealed a specialised role for invaginating tip cells, which 
guide and produce the mechanical power to intercalate following cells (Caussinus 
et al., 2008; Cheshire et al., 2008; Kato et al., 2004; Ribeiro et al., 2002). In 
addition, a mutant with decreased apical Crumbs and increased moesin activity 
has been shown to undergo slow and incomplete lumenal morphogenesis, due to 
increased apical stiffness (Cheshire et al., 2008), suggesting that apical flexibility 
is key.  
 
Similarly, in vivo imaging of organ development in zebrafish is beginning to 
provide insights into the mechanisms of tube morphogenesis, most notably 
during pronephric kidney and neural tube development (Buckley et al., 2013; 
Drummond, 2003; Quesada-Hernandez et al., 2010; Tawk et al., 2007; Vasilyev 
et al., 2009; Zigman et al., 2011).  Like the mammalian kidney, the pronephric 
zebrafish kidney is formed via the condensation and transformation of fibrobast 
cells into a polarised epithelial tube (Drummond, 2003). Interestingly, 
subsequent convolution of the nephron tubule is driven by the collective 
migration of epithelial cells independently of cell division and dependent on the 
initiation of fluid flow fluid flow (Vasilyev et al., 2009). Live imaging has revealed 
the highly protrusive behaviour of individual epithelial cells of the developing 
tubule, which exhibit transient focal adhesion kinase (FAK) rich adhesions to the 
underlying basement membrane (Vasilyev et al., 2009). Further analysis of 
these models will be necessary to both validate data from in vitro systems and to 
contrast and compare the cellular and molecular mechanisms required to form 
different types of tubes in vivo.   
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1.6 Neurulation  
Vertebrate neurulation results in the formation of the neural tube, a hollow 
continuous dorsal nerve cord, which gives rise to the entire adult central nervous 
system (CNS). This involves a complex series of coordinated morphogenetic 
movements including convergent extension and intercalation, migration and 
epithelial cell columnarisation (Davidson and Keller, 1999) (reviewed in Colas 
and Schoenwolf, 2001; Lowery and Sive, 2004).  
 
1.6.1  Primary and Secondary Neurulation 
In the majority of vertebrates, the neural tube develops from two distinct 
mechanisms. An anterior (primary) tube forms first via a process termed primary 
neurulation. This involves the ‘wrapping’ process, whereby a dorsal epithelial cell 
sheet (the neural plate) rolls or bends at the lateral edges, meeting at the 
midline and fusing to form a tube with a single central lumen (Fig. 1.6A). This 
region of the tube gives rise to the brain and trunk CNS. In contrast, the 
posterior neural tube forms in the future lumbosacral and tail region via 
secondary neurulation whereby a mesenchymal cell population condenses to 
form a solid rod, which is then transformed into an epithelial tube (Fig. 1.6B) 
(Criley, 1969; Griffith et al., 1992).  
 
Although primary neurulation may be defined as a process beginning with an 
epithelial substrate and ending with a tube, the movements involved can vary 
greatly both between species and spatiotemporally within species (Davidson and 
Keller, 1999; Peeters et al., 1998a; Peeters et al., 1998b; Shum and Copp, 
1996; Smith and Schoenwolf, 1991) (reviewed in Colas and Schoenwolf, 2001; 
Lowery and Sive, 2004). Most observations come from Xenopus, mouse and 
chick neural tubes, throughout the anterior-posterior axis, and differences are 
most apparent when the future neural tube is open dorsally, prior to fusion.  
 
Some neural tubes are formed primarily from a smooth rolling motion of the 
neural plate (Fig 1.6A). Alternatively, other methods employ one or more hinge 
points in the neuroepithelium, causing sharp focal bending rather than rolling of 
the tissue. This can manifest as a single hinge point at the ventral midline or as 
additional paired dorsolateral hinge points (reviewed in Copp and Greene, 2010; 
Lowery and Sive, 2004).  
Figure 1.6. Teleost neurulation possesses similarities to both primary 
and secondary neurulation in other vertebrates.
Schematics portraying the basic processes of vertebrate neurulation. 
A, Classical primary neurulation. This involves columnarization of an existing 
epithelium (blue), which undergoes the ‘wrapping’ process of lumen formation by 
rolling or folding up to form the neural tube. B, Classical secondary neurulation. 
This is characterised by condensation of mesenchyme (brown) to form a solid 
primordium, which then undergoes an epithelial transition and cavitation to form 
the neural tube. C, Teleost neurulation. This process shows similarities to both 
primary and secondary neurulation in other vertebrates. The neural plate (grey) 
converges and invaginates to form a solid primordium. Cell divisions at the 
midline of the rod lead to establishment of the apical surface and cavitation. 
Neurulation mechanisms are likely to vary along the anterior-posterior axis, due 
to differences in neural plate organisation and resulting cell behaviour. The 
superficial blue epithelium here represents the enveloping layer (EVL), a simple 
flattened epithelium which covers the embryo. 
Figures adapted from Lowery and Sive (2004) (A and B) and Clarke (2009) (C). 




Within the mouse spinal cord, these mechanistic distinctions have been related 
to the influence of the underlying notochord and the relative strength of Sonic 
hedgehog (Shh) expression in adjacent neural tissue. This results in differential 
regulation of Bone morphogenetic protein 2 (Bmp2), via the inhibitor noggin, 
along the axis and thus only allows dorsolateral hinge points to form in posterior 
tissue (Ybot-Gonzalez et al., 2002; Ybot-Gonzalez et al., 2007). Depending on 
how it is created, the initial shape of the resulting lumen is quite variable, with 
those formed via rolling ending up circular, those formed from a single hinge 
point ending with a thin slit-like lumen where the two sides of the epithelia abut, 
and those with multiple hinge points often giving a diamond shaped lumen 
(reviewed in Copp and Greene, 2010; Lowery and Sive, 2004). Once formed, 
further inflation contributes to the overall shape of the ventricle (Lowery and 
Sive, 2005).  
 
Despite many years of research, the molecular details of primary neurulation are 
not fully understood, conceivably due to significant variation. Neural tube closure 
has been most heavily studied in mammals due to its propensity to go wrong 
and result in prevalent human birth defects such as such as anencephaly and 
spina biﬁda. As described, the process of neurulation involves a number of 
sequential events and so disruption at any point may lead to a neural tube 
defect. For example, a number of mediators of the early convergent extension 
movements of the neural plate, including members of the PCP/non-canonical 
Wnt pathway, are necessary for cells to reach the midline and thus to reduce the 
distance between the nascent neural folds, allowing later steps of neurulation to 
proceed (Wallingford and Harland, 2002) (reviewed in Copp et al., 2003; Ueno 
and Greene, 2003).  
 
Many genes underlying neural tube defects affect the dorsal fusion of the two 
apposing sides of the neuroepithelium. Epithelial fusion comprises initial 
adherence via cellular protrusions, regulated by RhoGTPases, which become 
increasingly stable and subsequently undergo remodelling to form a continuous 
epithelium (reviewed in Pai et al., 2012). Candidate genes implicated in fusion 
include those directly involved in cellular adhesion or cytoskeletal dynamics or 
those that link the two processes, such as p190 RhoGAP, which has been shown 
to regulate actin assembly in the mouse forebrain in response to adhesion 
molecule activation (Brouns et al., 2000). A specific splice form of the EphA7 
receptor and its membrane-bound ligand Ephrin A5 are expressed at the edges 
of the dorsal neural folds and Ephrin A5 null mice show neural tube defects, 
suggesting a role in cellular adhesion (Holmberg et al., 2000).  
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Aside from epithelial fusion, a number of papers have examined dynamic cellular 
behavior at hinge points. In Xenopus, for example, the actin binding protein 
Shroom has been shown to be required and sufficient for hinge point formation, 
due to its role in regulating apical constriction (Haigo et al., 2003). In the chick 
neural plate, cells of the median hinge point at the ventral midline have been 
found to transiently exhibit a low level of BMP activity compared to the rest of 
the neural tissue, which leads to differential cell polarity (Eom et al., 2011). 
During focal bending, neuroepithelial cells at the hinge point retain contact with 
the apical surface but partially lose polarity, with apical proteins being targeted 
to endosomes and basolateral proteins becoming localised to the apical surface 
(Eom et al., 2011). This is believed to allow flexibility in the neural plate without 
disrupting the overall integrity of the neuroepithelium and is an interesting link 
between patterning of the neural tissue and cell polarity.  
 
1.6.2  Teleost Neurulation 
In contrast to amniotes, teleost neurulation involves a slightly different 
mechanism, whereby the neural tube is initially formed from a solid rod 
primordium which then undergoes cellular rearrangement/cavitation to form a 
hollow tube (Kunz, 2004) (reviewed in Clarke, 2009; Lowery and Sive, 2004) 
(Fig. 1.6C). Here, cells of the neural plate converge medially and invaginate 
ventrally, to form a transient tissue known as the neural keel (Fig. 1.6C). Cells 
interdigitate across the tissue, polarise and form the neural rod, and a lumen 
subsequently opens at the midline of this structure, forming a tube (Kunz, 2004) 
(reviewed in Clarke, 2009; Hong et al., 2010a; Lowery and Sive, 2004).  This 
process shows characteristics from both primary and secondary mammalian 
neurulation and mechanisms appear to be quite uniform along the anterior-
posterior axis (Harrington et al., 2010). Although invagination of the neural plate 
differs from that of classical primary neurulation, fate mapping indicates that cell 
movements in the teleost are equivalent to those in other vertebrates, with 
initial medio-lateral positions in the neural plate corresponding to ventro-dorsal 
positions in the neural tube (reviewed in Lowery and Sive, 2004; Papan and 
Campos-Ortega, 1994).  
 
1.6.3  Cellular Organisation of the Neural Primordium 
Species-specific differences lie not only in neurulation movements but also in the 
initial organisation of the neural plate. The structure of the amniote neural plate 
is well characterised and prior to neurulation is known to be organised as a 
single cell layered simple columnar epithelium (Colas and Schoenwolf, 2001; 
Copp et al., 2003). Apical (superficial) and basal (deep) polarity is inherited from 
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the epiblast (future embryonic tissue) early in development, where epithelial 
polarity was already present (reviewed in Clarke, 2009; Ueno and Greene, 
2003).  
 
In contrast, the structure of the zebrafish neural plate is less well characterised 
and several conflicting views exist concerning its organisation. These vary from 
an amniote-like single cell layered columnar epithelium through to a multilayered 
multipolar structure, which becomes progressively epithelial in nature (Schmitz, 
1993) (reviewed in Clarke, 2009). Cells of the neural keel were long believed to 
be mesenchymal, thus the neurulation process was considered equivalent to 
secondary neurulation of other vertebrates (Reichenbach et al., 1990; von 
Kupffer, 1890)). However, further examination of the zebrafish neural plate has 
challenged this view and suggested that its constituent cells should be 
considered epithelial in nature (i.e. a cohesive sheet of cells that move in an 
ordered manner) (Geldmacher-Voss et al., 2003; Kimmel et al., 1995). The 
current view is that these cells are not mesenchymal but not conventionally 
epithelial in nature and are undergoing a period of transition to become epithelial 
in the neural rod.  
 
Differences in neural plate structure also depend both on developmental stage 
and anterior-posterior position along the body axis. For example, it has recently 
been described that the neural plate may reduce in thickness along the anterior-
posterior axis from a multilayered stratified structure in anterior prospective 
brain areas to a structure of single cell thickness in the prospective spinal cord 
(Tawk et al., 2007) (reviewed in Clarke, 2009). High resolution microscopy 
analysis is necessary to analyse the cellular basis of these regional differences.  
 
1.6.4  Establishment of Neural Progenitor Polarity 
An important distinction between the amniote and teleost neural plates lies in 
the establishment of cell polarity. The zebrafish neural plate appears to lack 
typical apico-basal polarity right up until late neural keel stages when a midline 
is established (Clarke, 2009; Geldmacher-Voss et al., 2003; Hong and Brewster, 
2006; Yang et al., 2009).  
 
During zebrafish neurulation, a number of studies have described the 
progressive strengthening of cell-cell adhesions and stabilisation of the 
cytoskeleton, which is likely to correspond to the establishment of polarity (Hong 
and Brewster, 2006; Hong et al., 2010a; Yang et al., 2009). As cells converge 
towards the tissue midline and intercalate, they exhibit protrusions (Hong and 
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Brewster, 2006). It has been suggested that N-cadherin (cdh2) is required for 
the stabilisation of these protrusions and when N-cadherin is lost cell 
intercalation cannot occur (Hong and Brewster, 2006). Based largely on 
expression data of fixed embryos, a further study suggested that the early 
presence of an N-cadherin/ZO-1 complex initiates apico-basal polarity of neural 
progenitor cells at approximately the 10-somite stage (ss) and is subsequently 
stabilised at 15ss by another complex of Lin7 and Nok proteins, which localise to 
the tissue midline (Yang et al., 2009).  
 
It has also been suggested that polarity is established through the gradual 
transition of the microtubule cytoskeleton from a radial to linear organisation 
(Hong et al., 2010a). This coincides with a gradual decrease in protrusive activity 
of the membrane and centrosomal movement to the medial end of the cell (Hong 
et al., 2010a). Conversely, a more recent study has shown that centrosomes 
gradually localise to the part of the cell closest to the tissue midline, despite the 
nucleus initially remaining lateral (Buckley et al., 2013). Par3 has been 
implicated in centrosomal localisation and may function upstream of 
microtubules to localise the centrosome to the apical cortex (Hong et al., 
2010a).  However, the precise order of expression and recruitment and the 
relative requirements of various junctional and polarity proteins remains 
remarkably unclear.  
 
1.6.5  Polarised midline-crossing cell divisions in the zebrafish neural 
rod 
Apico-basal polarisation must be considered alongside the specialised behaviour 
of cells as they transition from neural plate to neural tube. Following 
convergence and invagination, neural progenitor cells subsequently undergo a 
well-characterised and highly stereotyped mediolaterally orientated cell division 
(Concha and Adams, 1998; Geldmacher-Voss et al., 2003; Kimmel et al., 1994; 
Papan and Campos-Ortega, 1994; Tawk et al., 2007) (Fig. 1.7). One daughter 
cell is deposited on either side of the midline, so that each side of the tube 
receives a contribution from both the left and right sides of the neural keel 
(Ciruna et al., 2006; Concha and Adams, 1998; Kimmel et al., 1994; Papan and 
Campos-Ortega, 1999; Tawk et al., 2007). As one daughter cell almost always 
crosses the midline, this division has been termed the ‘C-division’ (Crossing-
division) (Tawk et al., 2007). The daughter cell remaining on the original side is 
connected by a thin process to the ipsilateral basal surface whereas the daughter 
that crosses the midline does not inherit any basal attachment and must 
establish a connection with the contralateral basal surface (unpublished 
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observations)(Ciruna et al., 2006; Tawk et al., 2007). Once divided, these cells 
proceed to stretch across each side of the rod to contact both basal surfaces and 
sister cells remain temporarily connected at the midline until ventricle opening 
(Fig.1.7).  
 
It is not clear whether the ability of cells to cross the neural tissue midline is 
completely unique to teleosts. In both chicken and Xenopus a few cells have 
been described to cross the midline following tube closure, although this seems 
to be a relatively rare occurrence (Collazo et al., 1993) (reviewed in Lowery and 
Sive, 2004). What is unique to teleosts, however, is firstly that this midline 
crossing behavior is mediated by a specialised cell division and secondly, that 
this division appears to be a driving force in the concurrent establishment of 
apico-basal polarity.  
 
A previous study suggested that medio-laterally oriented divisions in the neural 
tissue are disruptive and that PCP pathway-mediated convergence acts to 
counteract the morphogenetic consequences of division (Ciruna et al., 2006). 
This study also described the initial deposition of the most medial/apical 
daughter cell outside of the neural epithelium, followed by PCP-dependent re-
integration into the contralateral epithelium (Ciruna et al., 2006). However, an 
alternative study has shown that this is not the case and that the C-division 
actively drives midline crossing (Tawk et al., 2007). When division is blocked 
during neurulation few cells cross the midline (Ciruna et al., 2006; Tawk et al., 
2007).  
 
For daughter cells to integrate into the contralateral neural tissue, they must be 
able to generate mirror-image polarity. During C-division the apical polarity 
protein Par3-GFP often accumulates in the cleavage furrow of dividing cells and 
subsequently many daughter cells show mirror-symmetric inheritance of this 
protein (Tawk et al., 2007) (reviewed in Clarke, 2009) (Fig. 1.7B). A mutated 
Par3-GFP construct, which acts in a dominant-negative fashion, does not 
accumulate at the cleavage of plane of dividing cells and 50% of cells do not 
cross the midline (Tawk et al., 2007). This suggests that the localisation of Par3 
to the cleavage furrow is important for midline-crossing and may play a role in 
establishing polarity in neuroprogenitor cells (Tawk et al., 2007).  
 
1.6.6 C-division is not required for apico-basal polarisation 
When these divisions are forced to occur in ectopic locations through delayed 
convergence of the neural plate, as seen in the trilobite mutant (Sepich et al., 
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2000), they lead to the generation of duplicated neural tubes, complete with 
apico-basal polarity and defined lumens (Ciruna et al., 2006; Tawk et al., 2007). 
When division is blocked in trilobite mutants this phenotype is lost showing that 
duplication of lumen organisation is dependent on the C-division. Moreover, 
when C-divisions are misoriented, and subsequently no longer coordinated 
across the midline, a single continuous lumen does not form and neural tube 
morphology is disorganised and branched (Quesada-Hernandez et al., 2010; 
Zigman et al., 2011). Together these studies show clearly that divisions have a 
powerful morphogenetic influence.  
 
Crucially, however, when cell division is experimentally blocked over the period 
of C-division in wild-type embryos, neural progenitor cells are still able to 
generate a central lumen with defined apico-basal polarity (Buckley et al., 2013; 
Ciruna et al., 2006; Tawk et al., 2007). Therefore, localisation of apical proteins 
seems to be determined independently of division, perhaps by the tissue 
architecture or extrinsic signals. Although not necessary for polarisation, the C-
division appears to confer a morphogenetic advantage by efficiently eliminating 
cellular processes that would otherwise bridge the developing lumen (Buckley et 
al., 2013). In light of this new evidence, the molecular mechanisms by which 
neural progenitor cells determine the middle of the neural rod, polarise and form 






Figure 1.7. Zebrafish neurulation includes a mirror-symmetric midline-
crossing division (C-division).  
 
A, Frames taken from a time-lapse sequence of a cell labelled with membrane-
GFP and histone(H)2B-RFP. The cell is initially stretched across the neural tissue. 
It then rounds up to divide, remaining connecting to the basal surface on one 
side by a thin process (arrowheads). Cleavage is oriented parallel to the nascent 
tissue midline (yellow dashed line). The medial daughter cell crosses the midline 
and stretches to contact the other basal surface, maintaining contact with its 
sister cell. B, Frames taken from a time-lapse sequence of a cell labelled with 
Pard3-GFP undergoing C-division near to the midline. Pard3-GFP is initially 
distributed throughout the cytoplasm. As the cell divides, Pard3-GFP 
accumulates at the cleavage furrow (arrow, 5 mins). Pard3-GFP is then mirror-
symmetrically inherited by the daughter cells (arrows, 35 mins). C, Schematic 
demonstrating C-division at the cellular level. Neural progenitor cells of the 
neural plate converge medially towards the dorsal midline. These cells then 
undergo a medio-laterally orientated division. Here, one daughter cell almost 
always crosses the midline (shown here as a dashed line), so that each side of 
the tube receives a contribution from both the left and right sides of the neural 
keel. Apicobasal polarity begins to be established from this point and apical 
proteins accumulate at the midline (shown here in green). Once divided, these 
cells initially remain connected and proceed to stretch across each side of the rod 
to contact both basal surfaces. Finally, a central lumen opens at the middle of 
the neural rod.  
 



















1.7 Specific Aims  
Most of our current knowledge of cell polarisation comes from studies in culture, 
where cells are subjected to a stable environment. 3D cyst cultures have yielded 
intriguing results, but the simplified in vitro environment may not accurately 
represent lumen formation in vivo. By taking advantage of the imaging 
opportunities offered by the transparent zebrafish embryo I aim to examine the 
polarisation strategies preceding lumen formation during morphogenesis of the 
neural tube in vivo. This should contribute important information to our 
understanding of these fundamental processes.  
 
 I will characterise the dynamics of apical polarity proteins prior to C-
division and examine their relationship to the tissue midline.  
 I will investigate the relative contributions of extrinsic signals and cell-cell 
interactions in apico-basal polarisation.  
 I will examine the role of the extracellular matrix in orientation of polarity 


























2 GENERAL MATERIALS AND METHODS 
 
2.1 Animals 
Wild-type, transgenic and mutant zebrafish were maintained under standard 
conditions (Westerfield, 2000) on a 14-hour photoperiod in the King’s College 
London Fish Facility. Embryos were obtained from timed matings and raised at 
28.5°C in fish water with methylene blue (Sigma Aldrich) or embryo medium 
(E2) (Westerfield, 2000). Reducing incubation temperature to 23°C from five 
hours post-fertilisation caused development to proceed at a slower rate, enabling 
early embryonic stages to be visualised at an appropriate time. Embryos were 
staged according to published criteria (Kimmel et al., 1995) and stages are given 
in terms of somite number (ss) and/or hours post fertilisation (hpf).  
 
2.1.1  Wild-type strains 
King’s College Wild-type, Ekkwill, AB Tubingen, Tupfel Long fin, and Sharkbait.  
 
2.1.2  Mutant lines 
Trilobite (tri) vangl2m209 (Solnica-Krezel et al., 1996). Obtained from University 
College London Fish Facility.  
Floating head flhn1 (Talbot et al., 1995). Obtained from University College 
London Fish Facility.  
Sleepy lamc1sa379 (Kettleborough et al., 2013). Obtained from Wellcome Trust 
Sanger Zebrafish Mutation Project.  
Natter fn1tl43c (Chen et al., 1996; Jiang et al., 1996). Kindly donated by Debbie 
Yelon, University of California).  
 
Mutants were identified either by phenotype or by a genotyping PCR (see 
methods section of relevant chapter for details).  
 
2.1.3  Transgenic lines 
Gt(Ctnna-citrine)ct3a (Alpha-catenin-citrine) (Zigman et al., 2011). Kindly 
donated by Mihaela Zigman.  
Tg(ef1α:dclk-GFP) (Dclk-GFP) (Tran et al., 2012). Obtained from University 






2.2 Plasmid preparation 
One Shot® TOP10 Chemically Competent (Invitrogen) or Z-Competent™ 5α 
(Zymo Research) Eschericha coli cells and Qiagen plasmid preparation kits were 
used for general cloning and plasmid preparation.  
 
2.3  mRNA Synthesis 
PCS2+ expression vectors were linearised with various restriction enzymes 
(Promega) for 2 hours at 37C and precipitated at -20C overnight in 70% 
ethanol and 0.05M sodium acetate. DNA was then washed in 70% ethanol and 
resuspended in nuclease-free dH20 (Ambion). Sense strand capped mRNA was 
transcribed using the mMESSAGE SP6 Kit (Ambion) and purified through a 
column (Roche). Resulting RNA concentration was measured using a 
spectrophotometer or nanodrop (Thermoscientific).  
 
2.4  Microinjection 
All injections were carried out under a dissecting microscope using a glass slide 
and petri dish. Injections were delivered using a glass micropipette with filament 
(Harvard Apparatus) mounted on a micromanipulator and attached to a 
Picospritzer® (General Valve Corporation) or XenoWorks™ Digital Microinjector 
(Sutter).  
 
2.4.1  DNA/mRNA Injections 
DNA constructs were injected at the one-cell stage. Various mRNAs were 
injected either at the one-cell stage for ubiquitous expression or into one 
blastomere between the 16 and 64-cell stages for mosaic labelling of 
neuroprogenitor cells (Fig. 2.1). mRNA was injected at 10-150pg per embryo 
and did not exceed half the volume of a cell.  
 
2.4.2  Anti-sense Morpholino Injections 
Morpholino oligonucleotides (MOs, Gene Tools) were stored as 4mM stocks at -
20C and diluted as required in sterile water. For ubiquitous knockdown of the 
protein of interest, various MOs were injected at the one to two-cell stage.  
 
Standard control MO (5’ CCTCTTACCTCAGTTACAATTTATA 3’, Gene Tools) was 
injected at equivalent concentrations and control morpholino injected siblings 




2.5  Surgical Procedures 
For cell transplantation, surgical incisions and ventricle injections, embryos were 
mounted in 1.5% low-melting point agarose (A9414, Sigma) or 3% 
methylcellulose (Sigma), anaesthetized, if required, in 0.016% tricaine methane 
sulfonate (MSS-222, E102521, Sigma) and raised in E2 medium with 
penicillin/streptomycin (1%, Invitrogen).  
 
2.6  Immunohistochemistry 
Immunohistochemistry was carried out as described (Westerfield, 2000), with 
some modifications.  
 
 Embryos were fixed in 4% paraformaldehyde (PFA) (Sigma) in PBS 
(Sigma) for 2 hours at room temperature (RT) or overnight at 4°C.  
 Alternatively, embryos were fixed in Dent’s fixative (80% Methanol, 20% 
DMSO) for 3 hours at RT and then rehydrated through a decreasing 
methanol/PBT series (75%  50%  25%  PBT).  
 Embryos were washed 3 x 5mins in PBT (PBS + 0.1-1% Triton-X-100), 
the concentration of triton increasing for older embryos and antibodies 
requiring high permeabilisation.  
 Embryos were incubated in blocking solution (5% goat serum, 2% DMSO 
in PBT) for at least 1 hour at RT.  
 Embryos were incubated in blocking solution with primary antibody 
overnight at 4C with gentle shaking.  
 Following incubation, embryos were washed 4 x 30 mins in PBT. 
 Embryos were then incubated in secondary antibodies in blocking solution 
for 2 hours at room temperature or overnight at 4C.  
 Finally, embryos were initially washed 3 x 5 min in PBT, followed by 
longer 30 min washes and transferred to PBS for imaging.  
 
Various primary antibodies were used (Table 2.1) in combination with Alexa® 
Fluor (405, 488, 568, 633, 647) conjugated secondary antibodies (1:500, 
Invitrogen).  
  
   Table 2.1. Primary Antibodies Used and Conditions Required. 
Antibody Source Catalogue Number Host Species  Storage Fixation Dilution Notes 
 
Fibronectin-1  Sigma F3648 Rabbit polyclonal Freezer 4% PFA 1/500 
1% Triton-X 
Washes 
GFP Abcam Ab-13970  Chicken polyclonal Freezer 







Biotech.  06-570 Rabbit polyclonal Freezer 4% PFA 1/500 
0.1% Triton-X 
Washes   
HuC/D Invitrogen 
 
A21271 Mouse monoclonal IgG2b Freezer 4% PFA 1/100 
0.1% Triton-X 
Washes   
 
Integrin β1 Aviva ARP58832_P050 Rabbit polyclonal Freezer 4% PFA 1/200 
0.1% Triton-X 
Washes   
 





07-330 Rabbit monoclonal IgG Freezer Dent's 1/100 
0.25% Triton-
X Washes   
 
aPKC (PKC ζ)  Santa Cruz SC-216 Rabbit polyclonal Fridge 4% PFA 1/350 
0.1% Triton-X 
Washes   
 
Γ Tubulin  Sigma TS326  Mouse monoclonal IgG Freezer 
4% PFA or 
Dent’s 1/200 
 0.1% Triton-
X Washes  
ZO-1 Invitrogen 339111 Mouse monoclonal IgG Freezer 
4% PFA or 
Dent’s 1/300 
0.1% Triton-X 






2.7  In situ hybridisation 
Vectors were linearised and purified as described. Anti-sense probes were 
synthesised using a Dig NTP mix and RNA Polymerase kit (Roche).  
The following probes were used:  
shh (Krauss, 1993), a gift from Corinne Houart. 
 Embryos were fixed in 4% paraformaldehyde (Sigma) in PBS (Sigma) 
overnight at 4°C.  
 They were then rinsed 3 x 5mins in PBS, dehydrated through an 
increasing methanol/PBS series (25%  50%  75%  100%) and 
stored at -20°C.  
 Embryos were subsequently rehydrated through a decreasing 
methanol/PBS series (75%  50%  25%  PBS).  
 Embryos were washed in PBST (0.1% Tween20 in PBS) and incubated in 
hybridisation buffer (hybe) for at least 2 hours at 65C.  
 Probes diluted to roughly μg/ml in hybe were added to the embryos and 
left overnight in a heat block at 65°C.  
 The next day, embryos were washed as follows: 
 2 x 30 mins hybe without probe at 65°C.  
 Washed through a decreasing hybe/2X SSC (Sigma) +0.1% Tween20 
series (75%  50%  25%), 20 mins each wash at 65°C.  
 2X 30 mins 2X SSC + 0.1%Tween20 at 65°C.  
 2X 30 mins 0.2X SSC + 0.1%Tween20 at 65°C.  
 1X 10min MABT (0.1M Maleic acid pH7.5, 150mM NaCl, 0.1% Triton) at 
RT.  
 Embryos were put in blocking solution (MABT+ 10% Bovine Serum 
Albumin, Sigma) for 2 hours at RT.  
 Anti-DIG antibody diluted 1:5000 in blocking solution was added to the 
embryos, which were then left overnight at 4°C, with gentle shaking.  
 The following day, embryos were washed 6 x 30 mins at RT with MABT.  
 They were then incubated in alkaline phosphatase buffer (100mM NaCl, 
100mM Tris pH 9.5, 50mM MgCl2 1% Tween20) for NBT/BCIP colouration 
or fast red buffer (Tris 0.1M pH 8.2) for fast red fluorescent colouration. 
 Staining was revealed with NBT/BCIP (5μl/ml, Roche) or Fast red (Roche) 
(1 tablet/3ml buffer) in the dark.  
 The reaction was stopped by washing in 3 x 5mins in PBST.  
 Embryos were transferred to mounting medium for imaging, either 70% 
glycerol (via a glycerol series) for brightfield imaging or agarose for 
confocal fluorescent imaging.  
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2.8  Counter-stains 
Counter-stains were added during incubation with secondary antibody or for and 
additional one hour at RT following immunohistochemistry or in situ 
hybridisation.  
 
Hoechst (1:10,000), Sytox green (1:10,000), Sytox Orange (1:10,000) or To-
Pro (1:1000) (all Invitrogen), were used to visualise nuclei. Alexa Fluor®-488 or 
-647 Phalloidin were used to visualize F-actin/tissue structure.  
 
2.9  Microscopy 
2.9.1  Mounting 
Embryos were mounted in 1.5% low-melting point agarose (A9414, Sigma) and 
supported in a wax or glue chamber in a petri dish filled with fish water or E2. 
From 16hpf, embryos were anaesthetised in 0.016% tricaine methane sulfonate 
(MSS-222, E102521, Sigma). For live imaging, a heated environmental chamber 
at 28.5C was used. Embryos were imaged from a dorsal view (Fig. 2.1), unless 
otherwise indicated.  
 
2.9.2  Imaging 
Embryos were imaged on an SP5 Laser Scanning (Leica) or Spinning disk 
(PerkinElmer) Confocal Microscope, using a 25x, 40x or 63x long working 
distance water immersion objective.  
 
Brightfield images were acquired with a QImaging Micropublisher camera 
mounted on a Nikon SMZ1500 dissecting microscope.  
 
2.10  Data analysis 
2.10.1 Images  
Raw confocal data was exported to ImageJ (http://rsbweb.nih.gov/ij/), Volocity® 
(PerkinElmer) or IMARIS® (Bitplane) for analysis. Some images/movies were 
processed in Adobe Photoshop CS4 for adjustment of brightness and contrast. 
Projections of z-stacks are maximum projections unless otherwise indicated. 
Figures and schematics were constructed using Adobe Illustrator CS4.  
 
2.10.2 Statistical Analysis 
Microsoft Excel and Prism 5 (Graphpad) were used for numerical and 
accompanying statistical analysis. Graphs were created in Prism 5.   
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Figure 2.1. Schematics of General Methods.  
A, Mosaic injection procedure. mRNA was injected into one blastomere at the 
16-cell stage. B, Transplantation procedure. Donor embryos were injected at the 
1-cell stage with various mRNAs and/or morpholinos. Embryos were then raised 
to 4hpf and cells (green) were removed with a micropipette and placed in the 
host embryo presumptive hindbrain, following an approximate fate map. C, 
Imaging setup. Embryos were mounted in 1.5% low-melting point agarose in a 
petri dish filled with fish water plus MS-222. Embryos were imaged from a dorsal 
view (indicated here) or from a transverse view. C’,C’’, Representative dorsal 
and transverse views during neurulation. Neural progenitors are labelled in 



















































APICAL POLARISATION OF NEUROPROGENITOR CELLS AT THE 
TISSUE MIDLINE BEGINS PRIOR TO C-DIVISION 
 
Part of these results are published in Buckley et al. (2013). 
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3 APICAL POLARISATION OF NEUROPROGENITOR CELLS AT THE 
TISSUE MIDLINE BEGINS PRIOR TO C-DIVISION 
 
3.1 INTRODUCTION 
This chapter tests the hypothesis that cytokinesis is a critical component for 
apico-basal polarisation in zebrafish neural tissue. This builds on a previous 
study, which suggests that the mirror-symmetric C-division is instrumental in the 
localisation of polarity proteins (such as Pard3) to the tissue midline (Tawk et al., 
2007). I also address whether the fusion protein Pard3-GFP accurately reflects 
the distribution of the endogenous Pard3 protein.  
 
3.1.1  Pard3-GFP localises to the cleavage furrow of dividing cells 
during neurulation 
The zebrafish neural plate lacks typical apico-basal polarity, which only appears 
at late neural keel stages when a specialised midline is established. This allows 
for the specialised behaviour of cells as they transition from neural plate to 
neural tube. Progenitor cells of the neural plate converge medially towards the 
dorsal midline, interdigitate across the tissue and undergo the mediolaterally 
orientated C-division (Kimmel et al., 1994)(Clarke, 2009; Geldmacher-Voss et 
al., 2003; Kimmel et al., 1994; Tawk et al., 2007). This division is mirror-
symmetric in that daughter cells subsequently establish mirror-image apicobasal 
polarity during or shortly after cytokinesis at the tissue midline (Tawk et al., 
2007).  
 
C-divisions occur between 13 hours post-fertilisation (hpf) and 18hpf, becoming 
closer to the midline over time (Fig. 3.1) (Buckley et al., 2013). These stages of 
development are concurrent with the first noticeable midline expression of apical 
markers, including Pard3 and aPKC (Geldmacher-Voss et al., 2003; Kimmel et 
al., 1994; Tawk et al., 2007; Yang et al., 2009). It has been previously shown 
that during C-division the fusion protein Pard3-GFP accumulates in the cleavage 
furrow of many dividing cells and subsequently many daughter cells show 
mirror-symmetric inheritance of this protein (Clarke, 2009; Tawk et al., 2007). 
This suggests that division itself could be responsible for localising Pard3 and 
other polarity proteins (ZO-1, aPKC) to the tissue midline. However, a number of 
recent papers have shown that embryos still polarise at the midline if this 
division is blocked (Ciruna et al., 2006; Quesada-Hernandez et al., 2010; Tawk 
et al., 2007; Zigman et al., 2011). This indicates that either the C-division is not 
responsible for localising Pard3 or that there are multiple redundant mechanisms 















Location of C-divisions with development 
Figure 3.1. C-divisions are located closer to the midline
over time. 
Dot plot showing the distribution of midline crossing divisions 
(C-divisions) relative to the tissue midline (zero on y axis, arrow). 
Over time, from 13 hours post fertilisation (hpf) to 18hpf, division 
location is refined towards the midline. 
Figure taken from Buckley et al., (2013). 
Midlinehpf




3.1.2  Pard3 may regulate the midline-crossing division and subsequent 
lumen development 
Several studies have begun to test the requirement for Pard3 in lumen 
formation. This has primarily been achieved using a mutated Pard3-GFP 
construct (Pard3-Δ6–EGFP) that lacks amino acids 688–1127, including the 
aPKC-binding domain, and is predicted to act in a dominant-negative fashion 
(von Trotha et al., 2006). At the tissue level this protein does not localise 
specifically to the nascent apical surface of the spinal cord (von Trotha et al., 
2006). When examined at the cellular level, Pard3-Δ6–EGFP does not 
accumulate at the cleavage of plane of dividing cells and 50% of cells do not 
cross the midline (Tawk et al., 2007). This suggests that the localisation of Pard3 
to the cleavage furrow is important for the process of midline crossing (Tawk et 
al., 2007). Interestingly, knocking down Pard3 with a morpholino or interfering 
with its function does not prevent cells from undergoing division (Tawk et al., 
2007) and cells appear to divide in roughly the same region. The orientation of 
divisions in these embryos was not assessed.  
 
Additionally, embryos ubiquitously expressing the Pard3-Δ6–EGFP have severely 
disrupted ventricle morphology, compared to non-injected siblings (Buckley et 
al., 2013), demonstrating that functional Pard3 is required for a normal lumen to 
form. Interestingly, this disrupted ventricle morphology resembles defects 
described for embryos in which C-division is experimentally blocked (Buckley et 
al., 2013), perhaps supporting a functional role for Pard3 in these divisions. 
Regardless of the precise involvement of Pard3, the establishment of polarity is 
essential for defining the apical surface of the neural rod and thus the future 
location of the lumen.  
 
3.1.3  Blocking C-division does not prevent apical polarisation 
Evidently, the described mirror-symmetric C-division is an important mechanism 
used by the zebrafish embryo to define the midline of the neural rod (Tawk et 
al., 2007). When these divisions are forced to occur in ectopic locations through 
delayed convergence of the neural plate, they lead to the generation of 
duplicated neural tubes, complete with apico-basal polarity and defined lumens 
(Tawk et al., 2007). Furthermore, if division is misoriented then polarity in the 
neural tube is disorganised and the ventricular surface shows a branched 
morphology (Quesada-Hernandez et al., 2010; Zigman et al., 2011). This 
demonstrates that these divisions have a powerful morphogenetic influence. 
However, it has been previously shown that cells of the neural keel/rod are still 
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able to generate a central lumen when cell division is experimentally blocked 
over the period of C-division (Buckley et al., 2013; Ciruna et al., 2006; Tawk et 
al., 2007). Thus the C-division is not the only mechanism that can organise 
polarity and lumen formation.  
 
Polarisation in the absence of cell division was recently characterised in detail at 
the cellular level (Buckley et al., 2013). When the C-division is blocked, the 
majority of cells in the division-blocked neural rod extend across the midline and 
approximately 50% stretch across the whole width of the tissue, contacting both 
basal surfaces (Fig. 3.2) (Buckley et al., 2013). In these cells, apical proteins 
such as ZO-1, Pard3-GFP and Rab-11 localise to the middle of the tissue, even if 
this means accumulating partway along a cell, rather than at the cell extremity 
(Fig. 3.2) (Buckley et al., 2013). Therefore, this apical protein localisation 
appears to be determined by the architecture of the neural tissue as a whole, 
rather than the architecture of individual cells. It is important to note that 
although C-division is not necessary for apical polarisation per se it confers a 
morphogenetic advantage through the elimination of cellular processes that 
otherwise bridge the developing lumen (Buckley et al., 2013).  
 
It is possible that tissue structure determines where Pard3 should be localised 
even in wild-type embryos with normal mirror-symmetric divisions. As described 
above, previous data suggested that the cleavage plane of dividing cells might 
localise Pard3-GFP and determine its mirror-symmetric inheritance (Tawk et al., 
2007). However, in light of this new evidence from division-blocked embryos, it 
is possible that the reverse situation could be true and that perhaps Pard3 
localisation could in fact determine the position of the cleavage plane.  
 
To investigate this possibility I will carry out time-lapse analysis of Pard3-GFP 
expressing cells prior to and throughout C-division. This will determine whether 
there is a relationship between the location of the first puncta of Pard3-GFP and 
the tissue midline and/or the position of division. Additionally, this will confirm 
whether Pard3-GFP localisation partway along division blocked cells is an artefact 
associated with disrupting cell division. It will also be beneficial to determine the 
spatiotemporal dynamics of other proteins that are known localise to the 
apical/ventricular surface at later stages of neurulation. This will help to 
determine their relative roles and timings in the establishment of apico-basal 
polarity.  
 
Most of our current understanding of this process has involved the use of fusion 
proteins. Although widely used, the tagging of GFP and other flurophores to a 
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protein of interest remains a concern as it could potentially affect biological 
activity. A recent paper has highlighted this by reporting tagged proteins 
clumping and artefactually localising to foci (Landgraf et al., 2012). I will 
therefore assess the fidelity of the fusion proteins used.  
 
3.1.4  AIM of chapter:  
To examine the relationship between the initial localisation of apical proteins and 
the nascent tissue midline throughout neurulation. I will image embryos at high 
spatio-temporal resolution over time and will compare fusion protein localisation 
to endogenous proteins with immunohistochemistry.  
 
  
Figure 3.2. Cell division is not required for apical polarisation of 
cells at the tissue midline.
Time-lapse sequences of three different cells in which division has been 
blocked using emi1 morpholino. Pard3–GFP puncta localise close to the 
region where the division-blocked cells intersect the tissue midline 
(arrowheads) irrespective of cell morphology and the extent of the 
contralateral process (arrow). 







3.2.1  Fish lines  
Tg(ef1α:dclk-GFP) (Dclk-GFP). Obtained from University College London Fish 
Facility. The transgene contains two doublecortin (microtubule-binding) domains 
of zebrafish double-cortin-like-1 (dclk1) fused to gfp, under the control of the 
Xenopus ef1α ubiquitous promoter (Tran et al., 2012).  
 
3.2.2  mRNA Constructs 
Pard3-GFP from zebrafish (kindly donated by Alexander Reugels)(von Trotha et 
al., 2006). 16-64 cell stage, 0.5-0.25nl of 150ng/μl.  
 
GFP-Zonula Occludens from human (ZO-1-GFP) (kindly donated by Felix Loosli). 
16-64 cell stage, 0.5-0.25nl of 200ng/μl.  
 
Cherry-CAAX from human (CAAX-Cherry, membrane-Cherry), 16-64 cell stage, 
0.5-0.25nl of 100ng/ul. 
 
Histone H2B-RFP (H2B-RFP, nuclear-RFP) from human, 16-64 cell stage, 0.5-
0.25nl of 100ng/ul. 
 
3.2.3 Antibodies 
Primary antibodies against the following proteins were used for wholemount 
immunohistochemistry: 
 
GFP (Abcam, Ab-13970). Chicken monoclonal. 1:1000. 4% PFA or Dent’s 
fixation.  
 
Par3 (Millipore, 07-330). Rabbit monoclonal. 1:100. Dent’s fixation.  
 
Gamma tubulin (Sigma, T5326). Mouse monoclonal. 1:200. 4% PFA or Dent’s 
fixation.  
 
ZO-1 (339111, Invitrogen Laboratories). Mouse monoclonal. 1:300. 4% PFA or 





3.3 RESULTS  
During zebrafish neurulation most progenitor cells undergo C-division close to 
the tissue midline over a period of approximately five hours (13hpf-18hpf) 
(Buckley et al., 2013). During this time window, I first investigated whether 
there is any consistent relationship between the position of the first puncta of 
Pard3-GFP and the neural tissue midline. For all experiments, I focused on cells 
in the hindbrain using the developing otic vesicle, adjacent to presumptive 
rhombomere 5, as an anatomical guide.  
 
3.3.1  Localisation of Pard3-GFP is dictated by tissue architecture and is 
clear prior to cytokinesis 
The dynamic subcellular distribution of Pard3-GFP was analysed by following 
cells over the period of C-division with time-lapse confocal imaging. Cells were 
labelled with CAAX-cherry, a membrane label, histone 2B (H2B)-RFP, a nuclear 
label, and Pard3-GFP, via mosaic injection of mRNAs into one blastomere at the 
multi-cell stage (approximately 32-cell stage, 1.75 hpf). The position of the 
tissue midline was determined by measuring the distance between the basal 
surfaces in a corresponding brightfield image and finding the midpoint.  
 
Prior to division, many cells extend medio-laterally across the tissue midline (Fig. 
3.3). Strikingly, in these cells, I found that small puncta of Pard3-GFP localised 
roughly to the tissue midline (Fig. 3.3A, A’). Pard3-GFP did not localise to the 
end of the cell, but coincided approximately with the midline of the tissue (19/19 
cells from 8 embryos, Fig. 3.3A, A’). This suggests that cells are able to 
recognise the midline prior to division and begin to assemble polarity proteins at 
this location. As cells enter mitosis, the broad localisation of Pard3-GFP puncta 
around the nascent midline is maintained (Fig. 3.3A). However, the precise 
subcellular localisation of Pard3-GFP within these cells appears to be dependent 
on where they divide relative to the midline.  
 
3.3.2  Pard3-GFP localisation through cytokinesis depends on cell 
position relative to the tissue midline 
As described, not all cells divide precisely at the tissue midline (Fig. 3.1)(Buckley 
et al., 2013) and I found that this results in a level of variability in Pard3-GFP 
distribution throughout cytokinesis. Cells dividing exactly at the tissue midline 
distribute Pard3-GFP puncta throughout the cell during metaphase and to either 
side of the cleavage furrow from early telophase, as previously reported (13/15 
cells from 8 embryos, Fig. 3.3B). However, in cells whose metaphase plate is 
lateral to the midline, puncta of Pard3-GFP are initially asymmetrically localised 
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to the medial side of the cell as it enters mitosis (18/20 cells from 8 embryos). 
In these cells, Pard3-GFP does not accumulate evenly within the cleavage furrow 
(Fig. 3.3C,D). Despite this initial asymmetrical localisation, Pard3-GFP is always 
subsequently re-distributed to either side of the late cleavage/abscission plane, 
which now lies closer to the tissue midline (Fig. 3.3A).  
 
These results demonstrate that Pard3–GFP localisation to the tissue midline 
begins prior to division and that its subcellular distribution is related to where a 
cell lies relative to the midline. Pard3-GFP localisation prior to C-division is 
dynamic and in general does not predict the position of the cleavage furrow, with 
some laterally dividing cells retaining initial asymmetry during cleavage (Fig. 
3.3C,D).  
 
3.3.3  In cells undergoing late C-divisions Pard3-GFP localises to ring-
like structures around the cell cortex  
As C-divisions occur over approximately five hours it is possible that cells 
dividing early do not behave in exactly the same way as those dividing late, 
when surrounding cells have already undergone division and are polarised. In 
cells undergoing late C-division, at 17ss, Pard3-GFP was observed to localise to 
two ring-like structures surrounding the metaphase/telophase cell cortex (5/5 
cells from 4 embryos)(Fig. 3.4). As the cells divide, these rings appear to move 
closer together, towards the cleavage plane (Fig. 3.4).  
 
Following C-division, Pard3-GFP is known to localise to rings at the apical endfeet 
of cells at the midline (Fig. 3.4), which co-localise with other apical proteins, 
including zona occludens (ZO-1) and atypical protein kinase C (aPKC), and are 
likely to represent apical junctional belts (Alexandre et al., 2010). It is possible 
that the Pard3-GFP rings observed prior to division could represent the building 
of this apical domain. Before cell division, the rings appear initially to be 
incomplete (arrowhead, Fig 3.4) but result in the formation of a near-complete 
nascent apical ring once division is complete (arrow, Fig. 3.4). These results 
suggest that in late divisions apical junctional belts may be partially assembled 
prior to cytokinesis, contributing to the efficient development of a reticular 




Figure 3.3. Pard3-GFP localises towards the tissue midline prior to C-
division.  
Time-lapse sequences showing neural progenitor cells prior to, during and 
following C-division. Cells are labelled with Pard3-GFP (green), a membrane label 
(Cherry-CAAX, magenta) and a nuclear label (H2B-RFP, magenta). All images 
are 10-22μm horizontal maximum projections. Dotted lines show the tissue 
midline, dashed lines show basal edges of the tissue. A, Series of images 
following a cell from 12 to 16ss. Prior to division, when cells have processes 
extending past the tissue midline, small puncta of Pard3–GFP localise 
approximately to this midline region (arrowheads). Pard3–GFP puncta are often 
biased to the medial side of the cell early in division but are subsequently found 
at the late cleavage/abscission plane between daughters (arrow, 19/19 cells 
from 8 embryos) and later more precisely to the nascent apical surface (arrow). 
A’ Magnification of two frames from A, showing Pard3-GFP localization prior to 
division. Cell outlines are shown with fine dotted grey lines. B, In cells dividing 
very close to the tissue midline, Pard3–GFP puncta are ubiquitous in early 
division and subsequently localise to the cleavage furrow (13/15 cells from 8 
embryos). C, D, In cells dividing lateral to the midline Pard3–GFP puncta are 
biased to the medial side of the cell (18/20 cells from 8 embryos). Pard3-GFP 
then progressively localises to the abscission plane between the two daughter 


































Figure 3.4. Cells undergoing late C-divisions at the tissue midline 
localise Pard3-GFP to ring-like structures.  
 
Cells are labelled with Pard3-GFP (green), a membrane label (Cherry-CAAX, 
magenta) and a nuclear label (H2B-RFP, magenta). Dotted lines show the tissue 
midline. A, A series of frames from a time-lapse sequence showing a cell 
undergoing C-division very late in neural rod development (18ss), when the 
surrounding tissue is polarised. 10μm maximum projection. Pard3-GFP localises 
to two ring-like structures surrounding the cell cortex prior to division 
(arrowhead, +3mins). These rings initially appear incomplete (asterisk, +3mins). 
As the cell divides, these rings appear to move closer together towards the 
cleavage plane/midline, which may represent the building of the apical domain 
(arrow, +8min). B, A series of frames taken from the same movie as in A, but at 
a single confocal plane. Here, four clear spots of Pard3-GFP (representing rings) 
can be seen moving towards the cleavage plane as the cell begins to divide. C, 
Projection of a different cell at 18ss, showing Pard3-GFP localising to complete 













Figure 3.4. In cells undergoing late C-divisions Pard3-GFP
localises to ring-like structures at the midline.
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3.3.4  Pard3-GFP localisation at the tissue level is verified with 
immunohistochemistry against endogenous Pard3 
Recently an anti-Par3 antibody has been described to specifically detect 
endogenous Pard3 protein in zebrafish embryos (Mitra et al., 2012). I was 
therefore able to test whether the observed dynamics of the Pard3-GFP fusion 
protein were representative of endogenous Pard3 protein localisation or were an 
artefact of GFP fusion. I performed wholemount immunohistochemistry at 
various stages of embryonic development in order to examine endogenous Pard3 
protein localisation at the tissue level.  
 
At 14ss in the hindbrain endogenous Pard3 localises to the midline of the neural 
rod and to the apical surface of the adjacent developing otic vesicles (Fig. 3.5E). 
At 24hpf, when the fourth ventricle of the hindbrain has inflated, Pard3 and 
Pard3-GFP both label the ventricular surface, specifically localising to ring-like 
structures (Fig. 3.5A-D). The broad localisation of Pard3 and Pard3-GFP 
therefore appear to match.  
 
3.3.5  The majority of Pard3-GFP localisation through C-division is 
verified with immunohistochemistry against endogenous Pard3 
I subsequently examined endogenous Pard3 localisation at the cellular level. In 
previous live imaging experiments I co-injected Pard3-GFP with a fluorescently 
tagged membrane label. To ensure that the membrane label itself is not 
influencing Pard3 localisation, I transplanted labelled cells from donor 
Tg(ef1α:dclk-GFP) (Dclk-GFP) embryos, which have GFP-labelled microtubules 
(Tran et al., 2012) and so cell morphology is visible. Host embryos were fixed at 
10ss or 14ss and stained for Pard3, GFP and gamma-tubulin, to additionally label 
the centrosome.  
 
I first looked for examples of cells prior to division, lying across the tissue 
midline. Cells were assumed to have not yet undergone the C-division yet if they 
had no contralateral partner. In these cells, both endogenous Pard3 and the 
centrosome localised roughly to the tissue midline, but not to the extreme tip of 
the cell (12/13 cells, from 6 embryos Fig. 3.6A’, A’’), as predicted by the Pard3-
GFP fusion construct. Pard3 partially co-localised with the microtubule 
cytoskeleton (Fig. 3.6A’, A’’). With ubiquitous immunohistochemistry labelling it 
was difficult to decipher which centrosome belonged to which cell, but Pard3 and 
the centrosome were not co-localised. Slightly later in neurulation, at 14ss, 
Pard3 was often observed localising to the region where cells intersect the 






















Figure 3.5. Pard3-GFP localisation in neural tissue is 
recapitulated with an anti-Pard3 antibody. 
A, 24hpf embryo labelled ubiquitously with Pard3-GFP. Pard3-GFP 
localises to the apical ventricular surface at the tissue midline. B, 24hpf 
embryo stained with anti-Pard3 antibody. Pard3 is also detected at the 
apical ventricular surface at the tissue midline (arrow). A’, B’, 
Reconstructed transverse sections of A and B respectively. C, D, 
Magnifications of the ventricular surface en face in embryos injected with 
Pard3-GFP (C) or stained with Pard3 antibody (D). Both show localisation 
to a reticular network of apical endfeet. E, 14ss embryo 
(mid-neurulation) stained with Pard3 showing puncta around the tissue 
midline. OV, Otic vesicle. All images (except A’ and B’) are single 
horizontal confocal sections. Scale bars are 20μm in A-A’, B-,E and 10μm 






Figure 3.6. An antibody against endogenous Pard3 recapitulates the 
majority of Pard3-GFP fusion protein localisation in cells before and 
following C-division.  
Cells transplanted from a Tg(ef1α:dclk-GFP) (Dclk-GFP) donor into wild-type 
host, labelling microtubules (green). Embryos were additionally stained for Pard3 
(magenta), γ-tubulin (labelling centrosomes, yellow) and nuclei (blue). A, 13μm 
projection of two cells at 13ss extending across the tissue midline prior to 
division. A’, A’’, Single confocal planes of the same cells. Pard3 accumulates 
near to the tissue midline, not at the extreme tip of the cell, and co-localises 
with microtubules (arrowheads). Centrosomes (yellow arrow) also localise 
roughly to the to the tissue midline, but not to the extreme tip of the cell. B-B’, 
Single confocal planes of a cell at 14ss. Pard3 accumulates strongly at the tissue 
midline. This cell has a long contralateral process, but localises Pard3 
(arrowhead) to the point where it intersects the tissue midline. C, Single confocal 
plane of a cell from a 13ss donor embryo, ubiquitously labelled with Dclk-GFP. A 
slight medial bias of Pard3 can be seen, although Pard3 is present at a low level. 
Cell morphology was approximated by unlabelled area. D, Single confocal plane 
of a cell from a 13ss donor embryo showing no medial bias of Pard3. Pard3 is 
present at a very low level, although elsewhere in the same embryo staining is 
strong. E, Single confocal planes of a cell at 13ss. Pard3 localises to both the 
cleavage furrow and to the tip of the most medial daughter cell (arrowheads). F, 
19μm projection of two pairs of sister cells, following division, from 14ss embryo. 
F’, Single confocal plane of the same cells. Pard3 accumulates at the abscission 
plane between the two cells, concurrent with the tissue midline. Centrosomes 
also localise to the apical end of the cells (yellow arrows), but do not co-localise 











Figure 3.6. An antibody against Pard3 antibody recapitulates 
Pard3-GFP fusion protein localisation in cells prior to and 
following division. 













I next looked for cells undergoing C-division both at the midline and more 
laterally, primarily in anaphase. In those dividing very close to the midline Pard3 
appeared diffuse and uniformly distributed throughout the cytoplasm, (16/16 
cells, from 6 embryos). In those dividing laterally to the midline, Pard3-GFP was 
medially biased in only 4/13 cells (6 embryos) (Fig. 3.6C), with the remainder 
showing no bias (Fig. 3.6D). Of those that did show medial bias of Pard3 this 
was not nearly as clear as in cells labelled with Pard3-GFP. This indicates that 
the observation that Pard3-GFP remains biased towards the midline at this stage 
of the cell cycle may not be completely representative of endogenous Pard3 
dynamics.  
 
Immediately following cell division, endogenous Pard3 localised to the abscission 
plane (8/11 cells, 12 embryos) (Fig. 3.6E). In those cells dividing laterally, Pard3 
was often additionally present near to the tissue midline (4/5 laterally dividing 
cells in telophase, 12 embryos) (Fig. 3.6E). At 17ss I found no clear examples of 
cells undergoing relatively rare late C-divisions and so was unable to confirm 
that endogenous Pard3 is organised into ring-like structures in these cells. This 
was due primarily to difficulties in differentiating cells undergoing late C-divisions 
from those undergoing the next round of division, known as D-division, which 
has begun by this stage. D-divisions occur at the apical surface, as do late C-
divisions, and so without the ability to track daughter cell behaviour following 
division and determine that they cross the midline it is not possible to know for 
certain which division a pro/metaphase cell is entering.  
 
Finally, I looked for pairs of sister cells following C-division, at 14ss. In these 
cells, endogenous Pard3 was clearly localised to the presumed abscission plane 
between daughter cells (Fig. 3.6F-F’), as predicted by the Pard3-GFP construct 
(Fig. 3.3A). The centrosome was localised to roughly the same region, but was 
sub-apical to the Pard3 (Fig. 3.6F’). These results confirm that analysis of the 
Pard3-GFP fusion protein is generally representative of endogenous events at 
both the tissue and cellular level during neurulation, but that Pard3-GFP 
dynamics in the pro-anaphase window of C-division should be interpreted with 
caution.  
 
3.3.6  ZO-1-GFP is Localised Towards the Tissue Midline Prior to 
Cytokinesis 
Pard3/Pard3-GFP localises to the tissue midline prior to cell division. To 
investigate whether this is unique to this polarity protein or whether it is a 
general property of apical junction-associated proteins the localisation of Zona 
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occludens (ZO-1) was examined. ZO-1 is a cytoplasmic scaffolding protein 
associated with tight junctions and is known to bind to a number of other 
proteins. To assess whether its behaviour through cell division is similar to that 
of Pard3-GFP, a ZO-1-GFP fusion protein was used. This construct has not been 
previously described in zebrafish and so was first characterised at the tissue 
level. Comparison of ZO-1-GFP to endogenous protein using 
immunohistochemistry at multiple stages confirmed that the fusion protein 
closely mirrors ZO-1 protein localization in neural tissue (Fig. 3.7, compare A to 
B).  
 
The subcellular distribution of ZO-1 GFP was subsequently imaged over time, 
throughout C-division (Figure 3.8). Before division, ZO-1-GFP accumulated in 
multiple relatively large accumulations in the cell cortex, approximately at the 
point where the cell intersected the tissue midline (22/22 cells before division 
with clear ZO-1-GFP expression, from 11 embryos Fig. 3.8). As the cells rounded 
up to divide, ZO-1 became diffuse and multiple small puncta were seen (24/24 
cells, from 11 embryos, Fig. 3.8). Large medially biased puncta of protein, as 
observed with Pard3-GFP, were not seen with ZO-1-GFP, but the small puncta 
tended to remain close to the tissue midline and were often not uniformly 
distributed throughout the cell (15/24 cells not uniform). Upon entry into 
telophase, ZO-1-GFP was distributed more specifically to the cleavage plane 
(19/24 cells), which was often adjacent to accumulations of ZO-1-GFP in 
neighbouring cells (Fig. 3.8). As the cells completed cytokinesis and sister cells 
stretched across to re-contact both basal surfaces, ZO-1-GFP became more 
restricted to a narrow region at the midline, suggesting junctions may be being 
built at this point (Fig. 3.8). In conclusion it appears that, like Pard3, ZO-1-GFP 
is clearly polarised to the tissue midline prior to division, localises to the 
abscission plane and is maintained at the apical surface following division.  
 
3.3.7  Pard3-GFP partially co-localises with ZO-1 throughout 
neurulation  
As Pard3 and ZO-1 show similar distributions through C-division, it would be 
interesting to know whether they co-localise at any point during this process and 
thus whether an interaction is possible. In cultured epithelial cells and 
fibroblasts, both immunohistochemistry and in vitro binding assays have shown 
that ZO-1 binds directly to junction-associated adhesion molecules (JAMs) (Itoh 
et al., 2001). In the same cells, JAMs have been shown to bind directly to Par3 
(Itoh et al., 2001). It is possible that ZO-1 could indirectly be involved in 







Figure 3.7. ZO-1-GFP recapitulates endogenous ZO-1 protein 
localisation throughout neurulation. 
Projections of the full dorsoventral extent of the posterior 
hindbrain/anterior spinal cord labelled with ZO-1-GFP (A) or an 
antibody against ZO-1 (B). Both ZO-1-GFP and ZO-1 localise 
gradually the tissue midline. Basal surfaces of the tissue are 
demarcated by dashed lines. Arrowheads show lateral extensions of 
ZO-1 from the tissue midline, perhaps corresponding to spatial 
















Figure 3.8. ZO-1-GFP is localized towards the tissue midline prior to 
cytokinesis.
Time series showing following a neural rod cell prior to, during and following 
C-division (12ss-14ss). Cells are labelled with ZO-1-GFP, a nuclear label 
(H2B-RFP, magenta) and a membrane label (Cherry-CAAX, also magenta). All 
images are 16μm maximum projections. Dotted lines show the tissue midline, 
dashed lines show the basal edges of the tissue. Prior to division, ZO-1-GFP 
accumulates in multiple relatively large puncta in the cell cortex, approximately 
at the point where the cell intersects the tissue midline (arrowheads). As the cell 
rounds up to divide, multiple small puncta are spread throughout the cell 
cortex.Upon entry into telophase, ZO-1-GFP is distributed to the cleavage plane, 
which is adjacent to accumulations of ZO-1-GFP in neighbouring cells 
(arrowhead, 19 mins). As the cells complete cytokinesis and sister cells stretch 
across to re-contact both basal surfaces, ZO-1-GFP localises more distinctly to a 
narrow region at the midline, again next to ZO-1-GFP in an adjacent cell 




reverse could be true. Comparison of the localisation of the endogenous proteins 
would be ideal, but this was not technically possible (due to the different fixation 
procedures required for immunohistochemistry). Therefore, I injected Pard3-GFP 
mosaically, fixed the embryos early in neurulation (10ss) or at the end of 
neurulation (18ss) and stained them with an antibody against ZO-1.  
 
Before division, as described, a number of cells localise Pard3-GFP towards the 
tissue midline (Figure 3.9A). In these cells, some but not all of the Pard3-GFP 
puncta co-localised with ZO-1 (Figure 3.9A’, A’’). I therefore quantified the 
proportion of cells showing partial, complete or no co-localisation of Pard3-GFP 
and ZO-1 (Figure 3.9F). Out of 21 cells (from 8 embryos), which showed Pard3-
GFP localising mainly towards the tissue midline, 14 cells (67%) showed a partial 
co-localisation with ZO-1 and 7 cells (33%) showed no co-localisation (Fig. 
3.9F). No cells showed full co-localisation at this stage. This implies that before 
division it is unlikely that Pard3 and ZO-1 are co-localising to precisely the same 
sub-cellular areas, but are delivered to roughly the same region.  
 
I next examined cells in the latter stage of cell division (telophase), when Pard3-
GFP has been shown to be representative of endogenous Pard3 protein. Out of 
11 cells (from 8 embryos), 7 cells (64%) showed partial co-localisation at the 
abscission plane, often with additional lateral puncta of either Pard3-GFP or ZO-1 
that did not co-localise (Fig. 3.9B, B’). The remaining 4 cells (36%) did not show 
any co-localisation.  
 
At 10ss several cells had undergone C-division and had clear contralateral sister 
cells. Out of 26 cells (from 8 embryos) 6 cells (23%) showed full co-localisation, 
i.e. wherever Pard3-GFP was present, ZO-1 was also present (Fig. 3.9C-C’, F). 
The majority of cells (18, 69%) showed partial co-localisation and 2 cells (8%) 
showed no co-localisation (Fig. 3.9F). Cells were also examined after division at 
18ss just prior to lumen opening, when apical junctions are more mature. Here, 
29/46 cells (64%) from 12 embryos showed full co-localisation and 17 cells 
(36%) showed partial co-localisation (Figure 3.9, D-D’, F).  
 
It therefore seems that after C-division, regardless of the stage of neurulation, 
there is always partial or full co-localisation of Pard3-GFP and ZO-1 at the 
abscission plane. This implies that by this stage the apical domain may be 
beginning to be built. By 24hpf, once the lumen has opened, ZO-1 and Pard3-
GFP co-localise in a reticular network at the apical surface, where adherens and 
tight junctions are assumed to be present (Fig. 3.9E).  
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Taken together, this data suggests that multiple apical proteins and the 
centrosome, which have potentially distinct functions, are localised to the tissue 
midline prior to division. Their localisation is dynamic and during division Pard3 
and ZO-1 often become more diffuse, before co-localising to the abscission plane 
between daughter cells. By 18ss, concurrent with the end of neurulation and 
lumen opening, Pard3 and ZO-1 localise to the apical junctional belt and the 
centrosome sits just under the cell cortex in the middle of the apical surface.  
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Figure 3.9. Pard3-GFP partially co-localises with ZO-1 throughout C-
division.  
 
Cells prior to, throughout and following C-division, at 10ss (A-C’) or 18ss (D-D’). 
Cells are labelled with Pard3-GFP (green), a nuclear label (H2B-RFP, blue) and 
ZO-1 (magenta). A, 23μm projection of a cell prior to division. Pard3-GFP can be 
seen in two main accumulations near to the tissue midline. A’, A’’, Single z 
planes of the same cell. Arrowhead shows co-localisation of Pard3-GFP and ZO-
1, arrow shows no co-localisation. Overall, Pard3-GFP and ZO-1 partially co-
localise in this cell. B, B’, Single z planes of a telophase cell dividing near to the 
tissue midline. Both Pard3-GFP and ZO-1 localise to part of the abscission plane 
between the two daughter cells (arrowhead). ZO-1 is present in additional lateral 
puncta (arrow in B’). C, 14μm projection of a pair of sister cells following C-
division, at 10ss. C’, Single z plane of the same cells showing full co-localisation 
of Pard3-GFP and ZO-1 (arrowhead). D, 17μm projection of two sister cells 
following C-division, at 18ss. Pard3-GFP and ZO-1 partially co-localise at the 
apical surface (arrowhead). E, En face view of the ventricular surface of the 
hindbrain at 24hpf, mosaically labelled with Pard3-GFP and stained for ZO-1, 
showing co-localisation to a reticular network. F, Quantification of the proportion 
of cells showing full, partial or no co-localisation of Pard3-GFP and ZO-1 at 
different stages of C-division, at 10ss and 18ss. Column 1: Prior to division, 
14/21 cells from 8 embryos (67%) showed partial co-localisation, 7/21 cells 
(33%) showed no co-localisation and 0/21 cells showed full co-localisation. 
Column 2: Of 5 cells, which showed Pard3-GFP distributed more lateral to the 
midline, 100% showed no co-localisation. Column 3: Of 11 telophase cells from 
8 embryos, 7 cells (64%) showed partial co-localisation at the abscission plane 
and 4 cells (36%) did not show co-localisation. Column 4: Of 26 cells that had 
undergone division, 6 cells (23%) showed full co-localisation, 18 cells (69%) 
showed partial co-localisation and 2 cells (8%) showed no co-localisation. 
Column 5: At 18ss, of 46 cells examined, 29 cells (64%) showed full co-


















































































In this chapter I have investigated the relationship between the initial 
localisation of apical proteins and the nascent tissue midline throughout 
neurulation. I have shown that the localisation of Pard3-GFP, ZO-1-GFP and 
equivalent endogenous proteins is dictated by tissue architecture prior to C-
division. I have shown that Pard3-GFP and ZO-1 partially co-localise throughout 
neurulation.  
 
3.4.1  Apico-basal polarity is established prior to division 
Further to previous descriptions (Tawk et al., 2007), I suggest that polarity of 
daughter cells is not in the first instance established during cytokinesis through 
the mirror-symmetric C-division. Rather, apical information is localised to the 
approximate tissue midline prior to division. In interphase cells lying across the 
tissue midline I show that Pard3, ZO-1 and centrosomes localise roughly to the 
region where these cells intersect the midline. This localisation could perhaps 
correspond to temporary or nascent adhesions with adjacent cells, although I 
show that Pard3-GFP and ZO-1 puncta do not fully co-localise. This could be due 
to differential timings of protein delivery.  
 
As development proceeds, pre-division accumulations of Pard3-GFP become 
much clearer, and may be influenced by the polarisation of adjacent cells. In 
cells dividing very late, Pard3-GFP localises to two rings around the cell cortex, 
which do not appear to be associated with the acto-myosin ring and instead 
seem to predict the building of the apical domain. Towards the end of 
neurulation it is likely that cells surrounding those undergoing division will have 
formed mature junctions at the nascent ventricular surface, which may 
determine the location of these rings in cells entering C-division.  
 
In mature epithelia, a number of recent papers have shown that apical junctions 
are broken down only in the region of the cleavage furrow, whilst neighbouring 
non-dividing cells deform their own shape to maintain junctional integrity 
(Bourdages and Maddox, 2013; Founounou et al., 2013; Guillot and Lecuit, 
2013; Herszterg et al., 2013). If the observed Pard3-GFP rings are labelling cell-
cell junctions (mature or nascent) in the forming neuroepithelium, positioning 
them slightly set back from the cleavage furrow would ensure that they are not 
disrupted during cleavage.  
 
It would be of interest to know if these ring-like localisations of Pard3-GFP 
influence the orientation of the mitotic spindle. As described, C-divisions occur in 
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a stereotypical medio-lateral orientation across the neural tissue, which is key to 
correct midline specification (Quesada-Hernandez et al., 2010; Tawk et al., 
2007; Zigman et al., 2011). Over development, these divisions occur 
progressively closer to the tissue midline (Buckley et al., 2013) as the tissue 
becomes more organised.  It follows that division orientation may initially be 
more variable and becomes more ordered over time. This would be an 
interesting aspect to quantify in future.  
 
The influence of cell-cell contacts on spindle orientation has been primarily 
examined in mature epithelia and so descriptions may not be applicable to the 
more complex situation in the zebrafish neural primordium, which is in the 
process of establishing epithelial polarity. In this context a recent paper has 
shown that foci of alpha-catenin at the equator of the cell cortex regulate the 
orientation of C-divisions and that their localisation is dependent on the 
basolateral polarity protein Scribble (Zigman et al., 2011). It is possible that the 
Pard3-GFP ring-like structures in cells undergoing late C-division could also be 
involved in this process, acting to minimise disruption to tissue organisation.  
 
3.4.2  Should the C-division still be described as mirror-symmetric?  
The C-division was originally described to be ‘mirror-symmetric’ as each 
daughter cell was observed to receive an equal contribution of Pard3-GFP, 
distributed laterally from the cleavage furrow. In light of my results examining 
endogenous Pard3 and ZO-1, it appears to be largely true that each daughter 
cell receives some of the accumulated apical proteins, although precise spatial 
patterns of inheritance are not clear. Equally, the timings of complete abscission 
between daughter cells remains unknown. If abscission occurs immediately 
following C-division, inheritance is perhaps less symmetrical than previously 
reported. If it occurs slightly later, then the observed adjustment of apical 
polarity proteins to the precise region between daughters could be the end result 
of division. Regardless, daughter cells integrate into opposite sides of the 
developing neural tube and the resulting cell morphologies are mirror-
symmetric. I suggest therefore that this division can still be referred to as 
mirror-symmetric.  
 
3.4.3  Pard3 immunohistochemistry recapitulates the majority of 
observed Pard3-GFP fusion construct localisation throughout C-
division 
Although GFP and other flurophores have been widely used in a number of 
biological contexts, genetically tagging a flurophore to a protein of interest 
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remains a concern as it could potentially affect biological activity, through 
altering expression level, cellular localisation or specificity of binding. The Pard3-
GFP fusion construct in question contains zebrafish ASIP/Pard3 cDNA, a linker 
peptide of 30 base pairs and a C terminal enhanced (E)GFP fluorophore (von 
Trotha et al., 2006). This fusion protein has been used in a number of 
publications, is accepted to encode biologically active tagged Pard3 protein and 
has been confirmed to match the overall tissue-wide localisation of zebrafish 
Pard3 (Figure 3.5) (Alexandre et al., 2010; Buckley et al., 2013; Hong et al., 
2010a; Tawk et al., 2007; von Trotha et al., 2006; Wei et al., 2004).  
 
Using a new monoclonal antibody I show that, at the tissue level, Pard3-GFP 
localisation matches that of endogenous Pard3 protein. When protein localisation 
is examined at the cellular level, most, but not all, of the observations of Pard3-
GFP localisation through the period of C-division are reproduced by examining 
endogenous Pard3. Before cells enter division, both Pard3 and Pard3-GFP localise 
roughly to the tissue midline and not to the extreme tip of the cell. Additionally, 
by the late stages of C-division, including telophase, both Pard3 and Pard3-GFP 
often localise to the cleavage furrow with additional asymmetrical accumulations 
in cells dividing laterally to the midline. Both are observed in the abscission 
plane between daughter cells and eventually at the apical surface. 
 
However, during the early stages of C-division, as cells round up and enter 
prophase/metaphase of division, some differences emerge and Pard3-GFP does 
not always closely match endogenous Pard3 behaviour. In cells dividing at the 
tissue midline, both Pard3-GFP and Pard3 appear diffuse and uniformly 
distributed throughout the cell. In cells dividing more laterally, Pard3-GFP is 
often enriched on the side of the cell closest to the tissue midline in clear 
accumulations, whereas Pard3 appears much more diffuse. In those cells that do 
show a medial bias of endogenous Pard3, this is not as strong as observed for 
Pard3-GFP. This implies that Pard3-GFP may be slightly more stable in 
aggregates than untagged Pard3 and so Pard3-GFP is not able to move around 
the cell quite as easily as endogenous Pard3 during the most dynamic five 
minutes of cell division.  
 
The observed discrepancy between the different Pard3 labelling methods could 
result from a fixation artefact combined with the use of a new monoclonal 
antibody, or, more likely, from shortcomings concerned with the Pard3-GFP 
construct, which only become obvious when observed at high spatiotemporal 
resolution. By its nature, injection of a tagged mRNA will result in overexpression 
of the protein of interest, which will compete with endogenous Pard3 protein. For 
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my experiments, the lowest concentration possible for visualisation of the protein 
was injected (a maximum of 200pg per embryo), but this could still be causing 
an overexpression phenotype, leading to abberant localisation of the Pard3-GFP. 
To overcome this, alternative strategies could be employed to express Pard3-
GFP, such as bacterial artificial chromosome (BAC) recombineering (Bussmann 
and Schulte-Merker, 2011; Kawakami, 2007; Suster et al., 2011; Suster et al., 
2009). Genomic integration of a single copy of a Pard3-flurophore containing 
BAC would more closely recapitulate endogenous Pard3 expression, as this would 
result in a predictable 1.5 times the total level of endogenous expression. 
Additional genome editing methods are now in the process of being developed 
for use in the zebrafish, which would allow gene targeting and/or gene 
replacement (Zu et al., 2013). Using these methods to introduce a tagged 
fluorophore would result in endogenous levels of fusion protein expression, 
resolving a major drawback of their use.  
 
An alternative cause of the inconsistences with the Pard3-GFP construct could be 
the GFP fluorescent tag itself, reducing the mobility of Pard3-GFP, compared to 
endogenous Pard3 protein. As the Pard3-GFP fusion protein contains a linker 
region between the Pard3 and GFP, this reduces the likelihood of the GFP 
affecting Pard3 protein folding. Aside from protein folding, a recent paper has 
highlighted the importance of carefully considering the structure of both proteins 
of interest and chosen fluorophores. Strikingly, the authors show that certain 
proteins reported to localise to foci in dividing E.coli cells are in fact ubiquitously 
distributed and that fusion to commonly used fluorescent tags (Venus, mCherry, 
superfolding (sf) GFP) caused artefactual clustering (Landgraf et al., 2012). This 
was due to oligomerisation of the fluorophores causing coalescence of oligomers 
of the tagged protein (Landgraf et al., 2012). This could be directly applicable to 
tagged Pard3, which itself contains an oligomerisation domain (Benton and St 
Johnston, 2003). A mutated GFP (mGFPmut3) was found to be the least likely to 
oligomerise and is perhaps a better future alternative to other fluorophores for 
tagging to oligomerising proteins of interest (Landgraf et al., 2012).  
 
3.4.4  Where do Pard3, ZO-1 and the centrosome fit into the polarity 
cascade?  
My results suggest that Pard3 and ZO-1 often partially co-localise prior to and 
during C-division. Following division, co-localisation is more complete and once 
the ventricle has formed they fully co-localise to a reticular network at the apical 
surface, at least at the level of the light microscope.  
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What remains unclear is which apical proteins are recruited to the tissue midline 
first and whether they influence each other’s localisation in any way. The relative 
timings of apical protein localisation to nascent junctions has been best 
characterised in Drosophila epithelia. In this system it has been shown that 
Bazooka (Drosophila Par3 ortholog) acts upstream of junctional proteins in the 
formation of apical landmarks and directs the assembly of spot adherens 
junctions (Harris and Peifer, 2004). Bazooka is able to initially localise to these 
landmarks independently of adherens junction proteins and subsequently 
recruits cadherin-catenin clusters (Harris and Peifer, 2004; McGill et al., 2009). 
Interestingly, in this system, adherens junctions completely fail to form in the 
absence of Bazooka (Harris and Peifer, 2004).  
 
If Par3/Bazooka is truly an upstream initiator of apico-basal polarity, then it 
must be positioned at the apical membrane by other local cues. There have been 
numerous reports of multiple mechanisms acting together to displace 
Par3/Bazooka from the basolateral membrane to allow correct polarisation at the 
apical, including Par1 activity-induced dispersal and basal-to-apical transport 
(requiring dynein) (Bayraktar et al., 2006; Benton and St Johnston, 2003; 
Buckley et al., 2013; McKinley and Harris, 2012; Wang et al., 2012). 
Interestingly, during Drosophila cellularisation, prior to Par3 localisation and 
junction assembly, the cytoskeleton is clearly already polarised (Harris and 
Peifer, 2005). The centrosome is positioned apically and nucleates the polarised 
microtubule cytoskeleton, whilst actin is organised into apical and basal-specific 
networks, suggesting a scaffolding role (Harris and Peifer, 2005). The 
cytoskeleton then, could also control polarisation in other models of 
epithelialisation.  
 
The precise relationship between Pard3 and the centrosome in the context of 
zebrafish neurulation is not clear. I have shown that the centrosome and Pard3 
localise approximately to the tissue midline by 10ss. Several studies examining 
polarity in various cellular contexts have shown that Pard3 (and other members 
of the Par family of related proteins) may initiate polarity and determine 
centrosome positioning (Feldman and Priess, 2012; Hong et al., 2010a; 
Kemphues et al., 1988; Rodriguez-Fraticelli et al., 2012; Schmoranzer et al., 
2009). It is possible therefore that puncta of Pard3 at the tissue midline may 
recruit the centrosome to this region, during zebrafish neurulation.  
 
The role of the centrosome in polarisation has recently begun to be examined in 
this context (Buckley et al., 2013; Hong et al., 2010a). The centrosome has 
been shown to gradually localise to the tissue midline prior to division (Buckley 
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et al., 2013; Hong et al., 2010a). This is likely to relate to the positioning of the 
C-division itself, as the duplicated centrosomes organise the mitotic spindle, but 
is also likely to be involved in establishing division-independent polarity. In this 
study, cells interdigitating across the centre of the tissue were found to localise 
their centrosome gradually to the part of the cell that lies across the tissue 
midline, despite the body of the cell remaining laterally (Buckley et al., 2013). 
This corresponds roughly with the described localisation of Pard3 (and Pard3-
GFP) puncta in the cell process prior to division (Fig. 3.3, 3.4). This suggests 
that the localisation of centrosomes to the midline is also independent of 
division, which has been confirmed through analysis of division-blocked cells 
(Buckley et al., 2013). The precise molecular and spatiotemporal relationship 
between the centrosome and other apical polarity proteins, however, remains to 
be seen and will require a carefully executed live imaging approach.  
 
Taken together, the discussed observations suggest that neural progenitor cells 
are able to somehow sense the tissue architecture and assemble apical 
complexes at the tissue midline, followed by lumen formation at this point. In 
the next chapter I will begin to dissect the extrinsic mechanisms involved in cell 
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4  INVESTIGATING THE EXTRINSIC SIGNALS THAT SPECIFY 
LOCALISATION OF APICAL COMPLEXES TO THE TISSUE 
MIDLINE  
 
4.1 INTRODUCTION  
In the previous chapter I demonstrated the ability for neural progenitor cells to 
localise apical proteins close to the tissue midline independently of and prior to 
the onset of the C-division. This chapter will begin to explore the mechanisms 
underlying establishment of this polarity.  
 
The intracellular machinery responsible has recently begun to be dissected 
(Buckley et al., 2013). As discussed in the previous chapter, during neurulation 
many cells localise their centrosomes part way along their length, around the 
tissue midline. As centrosomes are known to be key organisers of both initial 
microtubule polarity and nucleation in epithelial cells (Bellett et al., 2009; 
Feldman and Priess, 2012) this suggests that perhaps the microtubule 
cytoskeleton is arranged at this point. This paper shows that in both wild-type 
and division-blocked progenitors extending across the neural rod midline, 
microtubule plus-end tips grow mirror-symmetrically away from the microtubule 
organising centre (MTOC) at the tissue midline (Buckley et al., 2013). This 
mirror-symmetric reversal of microtubule polarity around the midline is likely to 
be crucial for establishing the correct apical localisation of Pard3-GFP. When the 
microtubule cytoskeleton is depolymerised with the drug Nocodazole, most cells 
subsequently localise Pard3 fusion proteins ectopically to their basal side, a 
process that is reversible through re-establishment of a functional microtubule 
cytoskeleton (Buckley et al., 2013).   
 
It appears, therefore, that within an individual neural progenitor cell, the 
machinery involved in localising apical proteins to the midline is becoming clear. 
However, what remains virtually unknown is the underlying signal instructing 
these cells to organise their centrosomes/microtubule network specifically at the 
midline point of the tissue in the first instance. In this chapter, therefore, I aim 
to investigate the roles firstly of potential extrinsic signals from surrounding 
tissues and subsequently of cell-cell interactions within the neural primordium 




4.1.1  External signals in setting up polarity  
The precise timings and levels of expression of various polarity and junctional 
proteins during zebrafish neural development are not clear. There are in situ 
mRNA expression data available (tight junctional proteins tjp1/ZO-1, tjp2/ZO-2 
and tjp3/ZO-3 throughout early development, for example) but these are 
inconsistent (Kiener et al., 2007; Thisse et al., 2001). It is conceivable that 
these proteins are present diffusely in the cytoplasm from early development. It 
is also possible that expression must be initiated or levels boosted during 
neurulation for cells to be able to establish an apical membrane domain. If the 
latter hypothesis is true, then there is potential for the involvement of external 
signals acting on transcription/translation during neurulation, as well as protein 
localisation.  
 
A recent review touched on how intercellular signals and transcriptional 
regulators are able to promote the expression of genes that induce polarisation 
(Bryant and Mostov, 2008). In the embryonic zebrafish gut, for example, the 
homeodomain transcription factor Tcf2 (previously vhnf1, now known as hnf1ba) 
has been shown to regulate the expression of both the tight junctional protein 
claudin15 and Na+/K+ ion pumps, thereby controlling apical lumen formation 
(Bagnat et al., 2007). A Tcf2 enhancer has been identified containing a retinoic 
acid response element, suggesting that it can integrate inputs from the retinoic 
acid signaling cascade in response to signalling (Pouilhe et al., 2007). Tubular 
epithelia in Drosophila also offer useful insights into the transcriptional control of 
lumen formation. During tracheal development, induction of the transcription 
factor Spalt by Wingless signalling promotes expression of the small GTPase 
Rab11, a key player in apical delivery of E-cadherin complexes (Shaye et al., 
2008) with a recently identified role in apical lumen formation in the zebrafish 
hindbrain (Buckley et al., 2013).  
 
It appears therefore that signalling molecules with traditionally ‘fate inducing’ 
roles, such as Wnt and TGFβ, may be able to regulate transcription of junctional 
proteins, polarity complexes and membrane-trafficking machinery (Bryant et al., 
2010). It is possible that signals from tissues surrounding the zebrafish neural 
primordium could act in a similar fashion to promote polarisation. The timings 
necessary for signalling events, transcription and translation must be taken into 
account, as zebrafish neurulation occurs over roughly a period of only eight 
hours, which in terms of altering the protein composition of a cell is relatively 
short.   
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4.1.2  Mesoderm surrounds the zebrafish neural primordium 
Prior to neurulation, the neural plate is underlain by mesoderm, which proceeds 
to surround the neural keel and rod both laterally and ventrally (becoming 
paraxial mesoderm and axial mesoderm/notochord). Additionally, the neural 
tissue is overlain dorsally by the enveloping layer (EVL), a polarised and 
relatively stationary sheet of large, flat epithelial cells. Possible involvement of 
these tissues in neural cell polarisation is discussed below.  
 
The morphogenetic contributions of the underlying mesoderm have been 
investigated in detail elsewhere, primarily using the maternal zygotic one-eyed 
pinhead mutant (Mzoep) (Araya, 2010). These mutants lack mesoderm in the 
head, anterior to the somites and show an abnormally layered neural 
primordium even by the neural plate stage. Cell movements within the neural 
plate are disorganised, the neural plate does not converge properly and 
subsequent establishment of apico-basal polarity is severely disrupted. This is 
partly due to mislocalised and misorientated divisions, although neither 
morphogenesis nor apico-basal organisation is completely rescued when division 
is blocked (Araya, 2010).  
 
Exactly how neural plate convergence is regulated by the mesoderm is not 
entirely clear. It is possible that the mesoderm acts as a physical substrate 
(Araya, 2010). An alternative hypothesis is that a mesoderm-derived signal is 
required to orientate polarity along the superficial-deep axis, which is 
subsequently translated into apico-basal polarity. This signal does not require 
nodal, as blocking signalling using a small molecule inhibitor (SB-431542) just 
prior to neurulation does not lead to disrupted apico-basal polarity (Araya, 
2010).  
 
Mzoep embryos also fail to develop some ventral midline structures (Gritsman et 
al., 1999; Schier, 1997) and show floorplate defects, although the notochord is 
still present. Another possible interpretation of the Mzoep phenotype could 
therefore be that the ventral midline itself is regulating neuroprogenitor 
behaviour and/or polarisation. There have been no obvious apico-basal defects 
reported for any hedgehog mutants with ventral midline defects, including sonic 
you (Stenkamp and Frey, 2003) and slow-muscle omitted (Varga et al., 2001), 
but defects could be subtle if these embryos are able to undergo morphogenesis 
and C-division as normal. As previously described, C-division is a dominant 
mechanism of polarisation and so could rescue defects in these mutants. It is 
worth considering the potential of an early role for ventral midline structures, 
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such as the notochord and/or floorplate although there are likely to be 
differences in requirements along the neural anterior-posterior axis.  
 
Polarisation at the midline has been suggested to progress roughly in a ventral-
dorsal manner (Yang et al., 2009), although there is no clear evidence for this 
assumption. It is logical to consider therefore that a ventrally derived signal, 
possibly from the underlying notochord, could be influencing midline 
specification. However, evidence from trilobite mutants, which show delayed 
convergence of the neural plate, suggests that this is not the case (Tawk et al., 
2007). Here, ectopic C-divisions lateral to the tissue midline lead to the 
formation of bilateral ectopic lumens, although the notochord is positioned at the 
ventral midline. Any notochord-derived signal here is unable to prevent the 
ectopic lumens from forming and so if a signal exists it is not able to re-direct 
polarity following division. This may suggest that any ventral signal is not a 
primary mechanism for finding the midline. Nonetheless, as we have shown that 
initial apico-basal polarity is established independently of C-division (Buckley et 
al., 2013) this raises the possibility that perhaps blocking cell division in embryos 
with defective midline structures could reveal an underlying role for the ventral 
midline in regulating the initial localisation of apical polarity proteins. This role 
has the potential to be physical and/or signalling-based.  
 
Many signalling molecules present in ventral neural tissue (including Shh and 
Nodal) are well described to act as cell fate determinants, in diverse contexts. 
Shh, for example, has been described to act as a short range morphogen in the 
Drosophila wing imaginal disc (Strigini and Cohen, 1997) and as a long range 
morphogen in dorso-ventral patterning of the vertebrate neural tube (Briscoe 
and Ericson, 1999; Briscoe et al., 1999; Ericson et al., 1997a; Ericson et al., 
1997b). In the context of polarity establishment an externally-derived ventral 
signal could act on neural progenitor cells to initiate transcription of polarity or 
trafficking proteins, as described above, but exactly how the presence of a 
potentially secreted molecule could be translated into a precise spatial signal 
within a cell is not clear. Perhaps the region of the cell membrane in this signal-
receiving zone is ‘competent’ to localise apical polarity proteins. This signal 
would then also have to be integrated with other cell extrinsic signals. What is 
clear is that the region of the cell that intersects the midline, and where apical 
complexes will be built, is in direct contact only with other neural progenitor cells 
and so it is likely that cell-cell interactions within the neural tissue could also 
play a role.  
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4.1.3  Cell-cell interactions in the establishment of polarity  
The dynamic morphogenetic movements during the neural plate to neural keel 
transition require changes to cellular shape, location and orientation. These 
changes to individual cells must be coordinated within the tissue in order for it to 
remain cohesive. This suggests that instructive neural cell-cell communication 
may be happening from very early in neurulation.   
 
As previously discussed, apical polarity proteins that are potentially indirectly 
involved in cell-cell adhesion (ZO-1, Par3) begin to become apparent as puncta 
from around the eight-somite stage.  A recent paper suggests that apico-basal 
polarity is initiated by a complex of N-cadherin (now known in zebrafish as 
cadherin-2, cdh2) and ZO-1, which is subsequently stabilised by the Lin7c Nok 
(mpp5a) complex (Yang et al., 2009). As both N-cadherin and ZO-1 are 
junction-associated proteins this implies that early cell-cell interactions could be 
necessary for the early establishment of polarity.  
 
Cell adhesion markers are known to be important for neural tube 
morphogenesis. A number of studies have investigated the role of cadherin-2 in 
establishing correct cell polarisation during early zebrafish neurulation (Hong and 
Brewster, 2006; Lele et al., 2002; Yang et al., 2009; Zigman et al., 2011). 
Parachute (cdh2) mutants have a disorganised neural tube midline that 
correlates with altered cell adhesion and compromised convergence movements 
during neurulation (Hong and Brewster, 2006; Jessell, 1988; Lele et al., 2002; 
Malicki et al., 2003). Additionally, these mutants and cdh2 morphants show 
disorganised spindle orientation and resulting misorientated divisions (Zigman et 
al., 2011).  
 
It would be interesting to know whether the cdh2 phenotype is rescued by 
blocking cell division. If apico-basal polarity were rescued, then it would seem 
that cadherin-2 is not required for determining polarisation at the midline. If, 
however, cadherin-2 plays a role in addition to division-orientation, for example, 
in cell-cell contacts across the midline, then there should still be defects evident 
in the absence of division. This appears likely as the mutants show a 
characteristic T-shaped neural tube morphology, whereby the dorsal half of the 
neural tissue is more severely affected than the ventral, implying that cadherin-2 
is required for neural cell intercalation (Lele et al., 2002) (Hong and Brewster, 
2006). It has also been suggested that cadherin-2 is required for cells to 
maintain stable protrusions (Hong and Brewster, 2006), a behaviour which may 
underlie cell-cell interactions. I will examine the possibility that cell-cell 
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interactions within the neural tissue specify the building of apical complexes at 
the tissue midline.  
 
4.1.4  AIM of chapter: 
To investigate extrinsic ventral signals and cell-cell interactions in the localisation 





4.2.1  Fish lines 
Floating head flhn1 (Talbot et al., 1995). Obtained from University College 
London Fish Facility. Mutant embryos were identified by phenotype.  
 
Trilobite (tri) vangl2m209 (Solnica-Krezel et al., 1996). Obtained from University 
College London Fish Facility. Mutant embryos were identified by phenotype.  
 
Gt(Ctnna-citrine)ct3a (Zigman et al., 2011). Kindly donated by Mihaela Zigman.  
The Ctnna locus contains an artificial internal exon encoding citrine (YFP).  
 
4.2.2  Morpholinos 
The following morpholino were injected at the one-cell stage: 
emi1 MO: (5’ GTA GTT TGG ACA CTT CAT ATT GAGG 3’) translation blocking, 0.5 
pmoles/embryo (Buckley et al., 2013). Division blocked phenotype was 
confirmed by increased nuclear size, compared to non-injected siblings.  
 
4.2.3  mRNA Constructs 
pCS2+ vectors containing the following cDNAs were linearised and mRNA 
synthesised as described in the general methods. 
 
GFP-Zonula Occludens from human (ZO-1-GFP). Kindly donated by Felix Loosli. 
16-64 cell stage, 0.25-0.5nl of 225ng/μl.  
 
Centrin-GFP and RFP from human, 16-64 cell stage, 0.5-0.25nl of 120ng/μl.  
 
GFP- or Cherry-CAAX from human (CAAX-FP, membrane-GFP), 16-64 cell stage, 
0.25-0.5nl of 100ng/μl. 
 
Histone H2B-RFP (H2B-RFP, nuclear-RFP) from human, 16-64 cell stage, 0.25-
0.5nl of 100ng/μl.  
 
Tomato-GM130 (GM130-tomato) from human, 16-14 cell stage, 0.25-0.5nl of 
80ng/μl. This construct was contained within a pDestdt vector, linearised with 
Not1 and transcribed with SP6.  
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4.2.4  Antibodies 
Primary antibodies against the following proteins were used for wholemount 
immunohistochemistry: 
 
Gamma tubulin (Sigma, T5326). Mouse monoclonal. 1:200. 4% PFA or Dent’s 
fixation.  
 
Par3 (Millipore, 07-330). Rabbit monoclonal. 1:100. Dent’s fixation.  
 
aPKC (PKC ζ) (Santa Cruz, sc-216). Rabbit polyclonal. 1:350. 4% PFA fixation.  
 
ZO-1 (339111, Zymed Laboratories). Mouse monoclonal. 1:300. 4% PFA or 
Dent’s fixation.  
 
GFP (Abcam, Ab-13970). Chicken polyclonal. 1:1000. 4% PFA or Dent’s fixation.  
 
4.2.5  Whole-mount in situ hybridization 
In situ hybridisation was carried out as described in the general methods section. 
Shh anti-sense probe (a gift from Corinne Houart (Krauss et al., 1993)) was 
dioxigenin-labelled and detected with fast red.  
 
4.2.6  Wounds 
Embryos at Bud to 3ss stage were de-chorionated and mounted on a glass slide, 
held in place with 6% methylcellulose (M0512, Sigma).  A glass pipette (without 
filament, Harvard Apparatus) was broken to roughly the same width as the 
notochord. In each embryo a large wound was created by removing all of the 
neural tissue from around the second somite level, extending to the full depth of 
the neural plate. Embryos were then moved into a petri dish of E2 embryo 
medium containing penicillin/streptomycin (1%, Invitrogen), incubated and fixed 
at 19ss for immunohistochemistry.  
 
4.2.7  Surgical separation of the neural plate 
Tungsten wire (0.375mm, Alfa Aesar, 7440-33-7) was sharpened to a fine point 
by electrolytical erosion in 2M NaOH. At 10hpf, embryos were mounted in 1.5% 
low melting point agarose and covered with E2 embryo medium with 
penicillin/streptomycin. The mounted embryos were cut down the midline, at 
approximately the level of the first somite. Tissue separation was observed 
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immediately and yolk often spilled into the wound, ensuring that the cut 
extended through the whole depth of the neural plate.  
 
Embryos were allowed to heal at room temperature for 30 minutes, then 
incubated for 3 hours at 28.5°C, gently removed from agarose with forceps and 
incubated until the 18-somite stage for analysis.  
 
4.2.8  Measuring Zone of Interdigitation 
Gt(Ctnna-citrine)ct3a embryos were injected at the 1-cell stage with emi1 
morpholino. They were then injected at the 32-cell stage with H2B-RFP and 
CAAX-Cherry mRNAs. Embryos were mounted and imaged from the 8 somite-
stage for a number of hours. Data was then analysed using Volocity™.Firstly, if 
necessary, the signal intensity of the membrane label was increased to clearly 
show the outline of cells and the extremes of contralateral projections. Analysing 
the full depth of the neural tissue of the hindbrain in each embryo, points were 
placed at the contralateral extent of each cell (green crosses in diagram). The 
most lateral of these points were then used to draw a ‘predicted zone of 
interdigitation’. When cells on only one side of the neural tissue were labelled, as 
often happens when C-division is blocked, their morphologies were traced and 
mirrored using the basal edges of the neural tissue as a guide. A point was then 
placed at the most contralateral extreme of this traced cell. These predicted 
zones of interdigitation were then overlaid onto a maximum projection of the α-
catenin (Ctnna) channel over the whole depth of the neural tissue from the same 
embryo and analysed by eye. α-catenin (Ctnna) is also expressed strongly in the 
EVL and so, following analysis, Imaris® software was used to crop the EVL from 




Figure 4.1. Schematics of methods used in chapter 4.  
 
A, Wounding procedure. Schematic of 1ss embryo in the transverse plane. To 
create wounds, a glass pipette (black) was broken to roughly the same width as 
the notochord and all of the tissue from around the second somite level was 
removed, extending to the full depth of the neural plate and more ventral 
tissues. S2, second somite; Not, notochord. A’, Schematic of the same embryo 
following wounding, with only the EVL and yolk left intact in that plane. More 
anterior and posterior neural plate and notochord were unaffected. B, Split-brain 
procedure. 1ss embryo viewed dorsally. Embryos were mounted in 1.5% low 
melting point agarose and, using sharpened tungsten wire, cut down the midline, 
at approximately the level of the first somite. C, Schematic showing how zone of 
interdigitation (blue) was determined. Analysing the full depth of the neural 
tissue of the hindbrain in each embryo, points were placed at the contralateral 
extent of each cell (green crosses). The most lateral of these points were then 
used to draw a ‘predicted zone of interdigitation’.  In division-blocked embryos, 
cells on only one side of the neural tissue are often labelled and so their 
morphologies were traced and mirrored, using the basal edges of the neural 
tissue as a guide. A point was then placed at the most contralateral extreme of 
this traced cell.  
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I firstly investigated whether there is a progression of polarisation at the tissue 
midline along the embryonic axes.  
 
4.3.1 Refinement of apical protein localization to the midline does not 
progress continuously along the anterior-posterior axis 
It has been previously described that Pard3-GFP localises to the tissue midline at 
roughly the same time in different regions of the brain, from the diencephalon to 
the hindbrain (Girdler, 2010). This was assessed between 14.5hpf and 18.5hpf 
and suggests that there is no anterior-posterior progression of polarity along the 
embryonic axis, rather that it is regulated locally. However, as the brain is 
subject to differential patterning at this stage, it is possible that in sub-regions 
(within the hindbrain, for example), there is a progression along this axis.  
 
To confirm whether this is the case I carried out long time lapse movies of the 
posterior hindbrain in embryos transgenic for an α-catenin (Ctnna)-citrine fusion 
protein, which has been described to reflect endogenous protein localization 
(Zigman et al., 2011). Alpha-catenin links cadherins to the actin cytoskeleton 
and is known to localise to and organise apical junctions (Desai et al., 2013). 
Movies were made at the level of the posterior hindbrain (likely to correspond to 
presumptive rhombomeres 6 or 7) and anterior spinal cord from neural plate 
(bud stage, 10hpf) through to later stages of neurulation (17ss, 17.5hpf), in the 
dorsal plane (Fig. 4.2, Movie S4.1) Unexpectedly, in the posterior hindbrain 
alpha-catenin is refined to the midline later than the more posterior spinal cord 
(n=6/6 embryos).  
 
In a separate experiment, I asked whether polarisation is affected in more 
posterior tissues if a large wound is created early in neurulation, thus disrupting 
potential communications between anterior and posterior tissue. In each 
embryo, a large wound was created at the neural plate stage at the level of the 
second somite. Embryos were then fixed at 19ss and examined for localisation of 
ZO-1 protein. In some wounded embryos the site of tissue interruption remained 
throughout neurulation and there was a clear discontinuity to ZO-1 localisation 
along the antero-posterior axis (Fig. 4.2B). However, regardless of this 
interruption, in neural tissue posterior to the wound ZO-1 localises precisely to 
the tissue midline (n=9/9 embryos), again indicating that anterior-posterior 
communication is not necessary for polarisation (Fig. 4.2B).  
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Figure 4.2. Refinement of Ctnna-citrine localisation to the midline does 
not progress locally from anterior-posterior neural tissue.  
Frames taken from a time-lapse movie of neural tissue at the level of the 
posterior hindbrain from the neural plate stage (3ss, 11hpf) through to later 
neural rod (17ss, 17.6 hpf). Embryos are transgenic for Ctnna-citrine and were 
imaged in the horizontal plane.  All images are taken from the same plane. At 
neural plate and early neural keel stages (11-13 hpf) ctnna-citrine is present at 
the cortex of all neural cells and enriched at the cortex in dividing cells (magenta 
asterisk) but shows with no clear local enrichment towards the midline. By 
15hpf, accumulations of a-catenin at the tissue midline begin to become clear 
(yellow arrow, 15hpf). However, slightly more anterior tissue is less organised, 
with ctnna-citrine present in accumulations lateral to the midline (blue arrows). 
In the most posterior region imaged, localisation to the midline is further refined 
between 15hpf and 17.6hpf and is now present as a continuous line, signifying 
the future apical seam. The adjacent anterior region is slightly delayed in 
refinement (blue asterisk). OV, otic vesicle. See also Movie SR1. B, Horizontal 
section of the spinal cord at 19ss, following wounding at the neural plate stage.  
A large wound was created by removing all of the neural tissue from around the 
second somite level with a transplant needle. In this embryo, the tissue 
interruption has remained through neurulation (yellow arrowhead). Regardless, 
the neural tissue posterior to the wound localises ZO-1 to the tissue midline, 
indicating that anterior-posterior communication is not necessary for 
polarisation. Spinal cord. 19ss. Wounds. Scale bars are 25μm. See 










Figure 4.2. Refinement of ctnna-citrine localisation to the midline 

















Figure 4.3. Refinement of Ctnna-citrine localisation to the midline occurs 
in ventral neural tissue first, followed by dorsal tissue. 
Frames taken from a time-lapse movie of neural tissue at the level of the 
posterior hindbrain from neural plate (1ss, 10hpf) through to later neural rod 
(17ss, 17.6 hpf). Embryos are transgenic for Ctnna-citrine and were imaged in 
the transverse plane.  Clear accumulations of a-catenin at the tissue midline are 
first apparent in ventral tissue (yellow arrow, 13.3hpf) with more dorsal 
accumulations following (yellow arrows, 16.3hpf and 17.6hpf). However, this 
does not appear to be a direct ventral to dorsal progression as ctnna-citrine can 
first be seen accumulating in a region slightly lateral to the midline in dorsal 
tissue (blue asterisk) and gaps are initially visible between domains (blue arrow, 
16.3 hpf). Magenta arrow denotes Ctnna-citrine in the overlying enveloping 
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4.3.2  Refinement of apical protein localisation to the midline is earlier 
in ventral tissue 
Previous studies have suggested that some apical proteins localise to the tissue 
midline in ventral tissue first, followed by dorsal tissue (Hong and Brewster, 
2006; Yang et al., 2009), but evidence is not clear. Again employing the alpha-
catenin-citrine transgenic line, I made time-lapse movies of neural tissue at the 
level of the posterior hindbrain from neural plate (bud stage, 10hpf) through to 
later stages of neurulation (17ss, 17.5hpf), this time from a transverse plane 
(Fig. 4.3). It appears that, indeed, clear accumulations of α-catenin at the tissue 
midline are first apparent in ventral tissue, with more dorsal accumulations 
following. However, this does not appear to be a direct ventral to dorsal 
progression. As the embryo is also elongating the body axis during these stages, 
and thus cells are moving in and out of the plane, it is unlikely that the exact 
same cells are being followed throughout these movies. Thus, this tissue-level 
imaging can provide some information but cellular level detail and/or modelling 
approaches are required to truly reflect the establishment of polarity.  
 
4.3.3  Notochord cells localise apical polarity proteins to the tissue 
midline prior to polarisation of neural progenitors 
Whilst imaging neural cell polarisation, I noticed that cells of the trunk notochord 
were localising apical polarity proteins precisely to the tissue (and embryonic) 
midline at very early stages of development. At the 12-somite stage both Par3 
protein and centrosomes were clearly localised to the middle of the notochord 
(Fig. 4.4B). As expected, this localisation is restricted to non-junctional proteins 
as these cells are not epithelial and do not form an apical surface. α-catenin-
citrine does not accumulate at the midpoint of the notochord, despite clear 
enrichment at the midline in ventral neural tissue (Fig. 4.3).  
 
Examining apical protein localisation to the midline at various z levels within the 
same embryo allowed comparison of notochord polarisation and that of the 
overlying neural tissue. The region of tissue adjacent to the first four somites, 
encompassing posterior hindbrain and anterior spinal cord, was analysed by 
immunohistochemistry.  
 
In ventral neural tissue, just dorsal to the notochord, Par3 and centrosomes 
were found to localise accurately to the midline (Fig. 4.4A, C). Tissue at this z 
level is likely to include the floorplate, an important signalling centre, which is 
induced by the notochord (Placzek and Briscoe, 2005; Yamada et al., 1993). 
More dorsally, however, Par3 and centrosomes localise roughly to a zone around 
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the midline, but this does not resemble the precision shown in ventral tissue 
(Fig. 4.4D). Additionally, at this level Par3 and γ-tubulin show a lesser degree of 
co-localisation, suggesting that a number of dorsal neuroprogenitor cells are not 
yet polarised. These observations are perhaps more clearly shown in transverse 
sections through the notochord and neural tissues at the level of the second 
somite (Fig. 4.4A). Here, Par3 and γ-tubulin localise to the midpoint of both the 
notochord and ventral neural tissue but are more widely distributed in the rest of 
the neural tissue.  
 
4.3.4  The notochord localises polarity proteins to its centre early in 
neurulation 
I also examined the intracellular localisation of polarity-related proteins in cells 
of the notochord and neural tissue from various depths along the dorso-ventral 
axis. When an epithelial cell is polarised along an apico-basal axis, it will 
generally localise apical polarity proteins to the apical side of the nucleus (de 
Anda et al., 2005; Schliwa et al., 1999; Siegrist and Doe, 2006). In the context 
of neuroprogenitor cells this nascent apical side is also the medial side of the 
cell. Protein localisation with respect to both the tissue midline and nucleus can 
therefore be used as a predictive early indicator of a neural cell having acquired 
polarity. I used two well-established markers of early apical polarity, the 
centrosome and the golgi body. It has been described that the centrosome 
moves to the tissue midline from 7ss (Buckley et al., 2013), so I examined 
embryos at 8ss, assuming that not all neural progenitor cells will have begun the 
process of apico-basal polarisation at this stage.   
 
I firstly looked at individual notochord cells, known as chordocytes or inner cells, 
which straddle the entire width of the organ at this stage with a characteristic 
‘stack of pennies’ appearance (Ellis et al., 2013; Glickman et al., 2003; Sepich et 
al., 2005). All cells (23/23, from 5 embryos) localised the centrosome to the 
middle of cell, concurrent with the centre of the notochord rod and embryonic 
midline (Fig. 4.5C, white arrows). The golgi is also central but not always 
immediately adjacent to the centrosome (Fig. 4.5C, yellow arrows). I next 
examined ventrally located neural cells. In these cells (13/13, 7 embryos) both 
the centrosome and golgi were positioned medially to the nucleus, indicating that 
the cells may have begun to polarise at this stage (Fig. 4.5B). When I looked at 
cells positioned more dorsally in the neural keel, however, although their 
morphology was comparable to ventral cells, often both the golgi and 
centrosome were positioned to the basal side of the nucleus (10/14 cells, 7 
embryos) (Fig. 4.5A).  
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Figure 4.4. The notochord localises apical proteins to the embryonic 
midline early in development.  
Single sections of the posterior hindbrain/anterior spinal cord at the 12-somite 
stage. Embryos were labelled by immunohistochemistry for Par3 and γ-tubulin. 
A, Reconstructed transverse plane showing the approximate z-levels of B-D. 
Par3 and γ-tubulin localise to the midpoint of both the notochord (arrow) and 
ventral neural tissue (arrowhead). B-D, Horizontal sections at various levels 
through the dorso-ventral axis. B, At the level of the notochord, Par3 and γ-
tubulin localise precisely to the centre of the tissue (and midline of the embryo), 
and partially co-localise (arrowheads). Par3 is localised to a slightly broader 
domain than γ-tubulin. C, In ventral neural tissue, just dorsal to the notochord, 
Par3 and centrosomes were found to localise accurately to the midline 
(arrowheads). D, In dorsal neural tissue Par3 and centrosomes are localised 
roughly to a zone around the midline, but this zone is much less precise, when 
compared to ventral tissue. Par3 and γ-tubulin show less co-localisation at this 
level, suggesting that a number of dorsal neuroprogenitor cells are not yet 
polarised. All scale bars are 20um. Basal edges of the tissue are indicated by 
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Figure 4.4. The notochord localises apical proteins to the embryonic 
midline early in development. 
Par3 γ-tubulin
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Figure 4.5. Notochord cells localise apical polarity proteins to the tissue 
midline prior to polarisation of dorsal neural progenitors. 
A-C, Horizontal stacks taken from various dorso-ventral levels within the same 
embryo, at the 7-somite stage. Centrosomes (centrin-GFP) are green, golgi 
(GM130-tomato) are magenta and labelled cell membranes and nuclei are also 
magenta. The basal edges and midlines of the tissue are indicated by dotted 
lines. Yellow arrows show golgi position, white arrows show centrosome position. 
A, 1.5um stack of a dorsally located neuroprogenitor cell. The centrosome and 
golgi are located laterally to nucleus, indicating that this cell has not yet acquired 
polarity. The midline of the tissue is indicated by an arrowhead. The basal edges 
of the tissue are labelled with dashed lines (yellow, notochord; white, neural 
tissue). B, 7.5um stack of neuroprogenitor cells localised mid-way through the 
dorso-ventral axis. Here, centrosomes and golgi are localised medially to the 
nuclei, indicating that the cells may have begun to polarise. C, 14um stack 
showing cells of the notochord. Centrosomes are localised precisely to the centre 
of the cell, which coincides with both the tissue and embryonic midline. A’-C’ 
show centrosome position only, with regard to cell morphology (fine dotted white 
lines). D, D’, Reconstructed transverse 13um projection of one notochord cell 
showing cell morphology and location of golgi and centrosome. Scale bar is 
20um. E, Schematic showing predicted centrosome positioning of dorsally and 
ventrally located neural cells and notochord cell at 7ss. Embryonic midline is 
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Figure 4.5. Notochord cells localise apical polarity proteins to the 
tissue midline prior to polarisation of dorsal neural progenitors. 
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This indicates that these cells have not yet begun the process of apico-basal 
polarisation. This fits with the tissue level results (Fig. 4.4) showing that the 
notochord localises apical proteins to the midline either slightly prior to or 
concurrent with ventral neural tissue, before dorsal neural tissue.  
The ability of the notochord to localise polarity proteins to the tissue midline by 
8ss suggests that signals to organise the midline are already present at this time 
but neural cells are initially unable to respond, perhaps until they mature. 
Alternatively, it is possible that the notochord organ centre is organised 
independently and that the notochord itself is organising neural cell and tissue 
polarity. I therefore asked whether, if the notochord is missing (and C-division is 
blocked), cells still polarise towards the prospective tissue/embryonic midline.  
4.3.5  The notochord at the ventral midline is not required for neural 
tissue to establish apico-basal polarity 
I chose to tackle this question using the mutant floating head (flh), which lacks 
the Flh homeodomain protein necessary for chordamesoderm specification 
(Talbot et al., 1995). There are several well-characterised mutants with 
notochord defects, including dharma/bozozok (Yamanaka et al., 1998) and no 
tail (Schulte-Merker et al., 1994) but as Flh is required for the early steps of 
notochord development I chose to use this mutant to ensure that cells with 
notochord identity were never present.  
Firstly, I examined untreated flh embryos, in which cells are able to undergo C-
division. In these embryos cells that should have formed notochord are not 
organized into a rod, and instead some are incorporated into the somites, which 
often fuse across the midline (Talbot et al., 1995) (Fig. 4.6A, B).  
There is some discrepancy in the literature, so to find out which regions of the 
mutant brain/spinal cord floorplate lose Shh signalling I looked for shh RNA 
expression in 14ss embryos counterstained for ZO-1 protein (Fig. 4.6C). In 
siblings shh RNA is expressed in posterior axial mesoderm and in ventral neural 
tissue throughout the anterior-posterior axis. As previously reported in the flh 
mutant shh is not expressed in the axial mesoderm and is present only as 
discontinuous clusters in the mutant floorplate (Talbot et al., 1995), Fig. 4.6D, 
arrowhead). Although the exact anterior-posterior location of these clusters 
varies between embryos, disrupted expression is first apparent just posterior to 
the anterior end of the notochord (rhombomere five at 14ss). I therefore 
examined apico-basal polarity in this region, using the position of the otic 
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vesicles and somites as a guide. At this stage of development, ZO-1 localises 
quite precisely to the tissue midline in both siblings and flh mutants, despite the 
lack of shh and notochord (Fig. 4.6A’, B’).  
 
I then examined flh and sibling ventricle morphology at 35hpf. By this stage ZO-
1 clearly labels the ventricular surface of the hindbrain and spinal cord in both 
siblings and flh mutants (Fig. 4.6D). In the flh mutants, the ventricular surface 
bends laterally, presumably due to loss of structural support from the missing 
notochord, but polarity appears unaffected and the hindbrain ventricle 
morphology is indistinguishable from siblings (Fig. 4.6D). It appears therefore 
that lacking a notochord does not disrupt polarisation or ventricle formation, 
causing only mild structural defects.  
 
As previously discussed, the C-division is a dominant mechanism for organising 
apico-basal polarisation. I subsequently aimed to examine embryos lacking not 
only the notochord and shh but also the ability to undergo C-division, to 
eliminate the influence of division and perhaps reveal an underlying role for the 
notochord and/or ventral signalling. It is additionally possible that by looking 
only at relatively late stages of neurulation thus far we could be missing a delay 
in initial polarisation at the cellular level. I therefore imaged cellular polarisation 
in flh embryos injected with emi1 MO to block cell division from early 
neurulation. I used ZO-1-GFP and imaged at the level of the first somite.  
 
By 10ss many cells in the division-blocked sibling control embryos had localised 
ZO-1-GFP medially, compared to their nucleus, and towards the tissue midline 
(Fig. 4.7A). By the equivalent somite stage, division blocked flh mutants had 
also localised ZO-1-GFP towards the middle of the tissue (Fig. 4.7B), concurrent 
with polarisation in in both division-blocked (Fig. 4.7A) and wild-type (Buckley et 
al., 2013) embryos. This result suggests that with no notochord present, no shh, 
and no cell divisions, normal polarity can be acquired. However, although 
informative, imaging mosaically labelled cells means that it is difficult to ensure 
comparison of identical regions of the tissue at the d-v level so, I also looked 
more globally at polarisation timings, by examining apical protein localisation 
over time at the tissue level.  
 
4.3.6  The notochord is not required for neuroprogenitors to polarise on 
time 
It would be interesting to know whether the notochord is necessary for the 
described ventral to dorsal progression of polarisation at the neural tissue 
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midline. To test whether this is the case I carried out live imaging of a flh 
embryo and a sibling ubiquitously labelled with ZO-1-GFP, from 10hpf (1ss) until 
(20ss), taking a stack of the whole dorso-ventral extent of the neural tissue 
every 15 minutes. From this, I can speculate that general polarisation of ZO-1-
GFP proceeds on time in the flh embryos, although there may be a slight delay in 
polarisation of the ventral most neural tissue, compared to siblings. In the dorsal 
half of the neural tissue bright accumulations of ZO-1-GFP protein are first 
noticeable around the tissue midline at a similar time point in both embryos, 
around 12ss (Fig 4.7). However, in the ventral half of the neural tissue, although 
ZO-1-GFP localisation to the midline is first noticeable in the sibling by 
approximately 7ss, in the floating head embryo this is not clear until 12ss, a 
difference of approximately 2.5 hours (Fig 4.7). Even by this stage, the most 
ventral tissue still does not show clear polarisation. This indicates that although 
the notochord/floorplate may assist in the maturity/polarisation of ventral most 
neural cells (possibly the floorplate cells themselves), this is not necessary for 
the more dorsal neuroprogenitors to polarise. By 15ss, both embryos have clear 
refinement of ZO-1-GFP to the midline in both dorsal and ventral tissue (Fig 
4.7).  
 
So it seems that neither the notochord, it’s precursors, nor the floorplate are 
essential for neuroprogenitors to polarise roughly on time and in the correct 
location. What then, is special about the midline of the neural primordium? 
Excluding signals from the mesoderm, could it be cell-cell interactions within 
neural tissue itself that are specifying intracellular localisation of apical proteins 
to this precise spatial region? The tissue midline is the region where neural cells 
meet and interdigitate with cells from the contralateral side of the primordium.    
 
4.3.7  Preventing cell–cell interactions across the midline disrupts 
spatial assembly of apical complexes  
One hypothesis is that interactions between cells as they meet and interdigitate 
at the midline could determine the position of apical complex assembly. The 
ventral to dorsal progression of apical protein localisation to the midline also fits 
with the ventral to dorsal progression of initial interdigitation of cells across the 
midline, i.e. ventral cells interdigitate with contralateral cells before more dorsal 
cells.  
 
To test whether these cellular interactions across the midline could organise 
apical complex assembly I prevented cells from the left and right sides meeting 
by physically dividing the neural plate, creating ‘split brain’ embryos 
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Figure 4.6. The floating head mutant lacking a notochord does not 
display obvious defects in apico-basal polarity. 
A-B, Single horizontal sections at 14ss showing loss of notochord structure 
(asterisk) in flh mutant (B), compared to sibling control (A, arrowhead). A’-B’, 
Single horizontal sections of the posterior hindbrain/anterior spinal cord at the 
level of the otic vesicle at 14ss showing ZO-1 localisation by 
immunohistochemistry. The anterior tip of the underlying notochord is indicated 
by a dashed line (sibling only, A’). Both sibling and flh localise ZO-1 to the tissue 
midline by this stage (magenta arrowhead). C-D’, Reconstruction in the 
transverse plane at the level of the first somite showing shh mRNA expression 
(magenta) and ZO-1 protein (green) at 14ss. C, In the sibling, shh expression 
can be seen in both the notochord (arrow) and floorplate (arrowhead). D-D’, In 
the flh mutant, shh is only expressed discontinuously in patches of floorplate 
(arrowhead in D, not present in D’, from a position 5um more posterior). E-F, 
Projections of the full dorsoventral extent of the hindbrain in 35hpf sibling and 
flh mutant labelled with ZO-1, depicting ventricle morphology. The flh mutant 
ventricle is almost indistinguishable from the sibling, apart from a distinctive 
lateral bend (arrowhead) probably due to lack of structural support of notochord 






















Figure 4.6. The floating head mutant does not display
obvious defects in apico-basal polarity.
35hpf
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Figure 4.7. Embryos lacking both notochord and C-divisions localise ZO-
1-GFP to the midline by early neurulation. 
A, B, Single frames taken from time-lapse sequences showing neural keel cells 
at 10ss. 55μm Horizontal stacks at the level of the first somite (S1, labelled on 
brightfield image). Tissue midline is indicated with a dotted line, basal edges of 
the tissue with a dashed line. A, Sibling division-blocked control shows cells 
localising ZO-1-GFP around the midline of the tissue. A’, 10μm stack 
magnification of single cell from A showing ZO-1-GFP position relative to the 
midline. B, flh division blocked embryo showing ZO-1-GFP localised towards 
tissue midline concurrent with control cells. B’, 10μm stack, magnification of a 
single cell from B showing ZO-1-GFP positioned just lateral to the tissue midline. 
C, Frames taken from timelapse movies of a floating head embryo and a sibling 
ubiquitously labelled with ZO-1-GFP, from 7ss until 15ss. All frames are 
reconstructed transverse sections at the level of the second somite. At 7ss, the 
sibling localises ZO-1-GFP to the midline in ventral tissue (yellow arrowhead). In 
the flh embryo there is no clear ZO-1-GFP accumulation. In the more dorsal half 
of the neural tissue, bright accumulations of ZO-1-GFP protein are first 
noticeable around the tissue midline at a similar time point in both embryos, 
around 12ss (blue arrowheads). However, the flh embryo still does not strongly 
localise ZO-1-GFP to the ventral midline. By 15ss, both embryos have clear 
refinement of ZO-1-GFP to the tissue midline in both dorsal (blue arrowhead) 
and ventral (yellow arrowhead) regions. This indicates that, when the notochord 
and divisions are absent, there is a slight delay in the initial polarisation of 
ventral tissue but this recovers by later stages. Neural tissue dimensions were 
determined with a cell membrane label. Scale bars are 20μm, except in A’ and B’ 
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Figure 4.7. Embryos lacking both notochord and C-divisions localise
ZO-1-GFP to the midline by early neurulation.
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(Tawk et al., 2007)(Fig. 4.8C). This was carried out at 10hpf, just as the first 
somite forms, so no interdigitation across the midline will have occurred by this 
point. This intervention slows the convergence of cells towards the tissue midline 
and prevents them from meeting contralateral cells. It has been previously 
described that cells in convergence delayed embryos undergo ectopic laterally 
located C-divisions and subsequently generate ectopic lumens (trilobite mutant, 
‘split-brain’ experimental embryos) (Tawk et al., 2007). I therefore also blocked 
C-division, using the emi1 morpholino, to remove this complication and to 
examine underlying division-independent polarisation in the absence of 
interdigitation. I asked where individual cells were able to localise apical proteins 
in the absence of interactions.  
 
Cell membranes and nuclei were labelled mosaically and embryos were 
examined at 17ss for ZO-1 immunoreactivity. At 17ss control non-cut division-
blocked embryos localised ZO-1 accurately to the midline of the tissue, as 
previously shown (Buckley et al., 2013). In these embryos, an average of 46% 
of cells (28/60, from seven embryos) showed localisation of ZO-1 part-way along 
their length (Fig. 4.8A), with the remaining 54% of cells not crossing the midline 
and so localising ZO-1 to their tip, as far from the basal surface as possible 
(‘anti-basal’ tip). These percentages varied between embryos, but in all at least 
20% of cells polarised partway along their length. Therefore I used the same 
criteria in analysis of the split-brain embryos.  
 
In split-brain embryos, where the left and right halves do not meet, zero cells 
showed localization of ZO-1 part-way along their length, with 100% of cells 
(33/33, from five embryos) assembling apical complexes at their ‘anti-basal’ tip, 
concurrent with the superficial surface of the tissue (Fig. 4.8A’). In fact, a 
reticular network of ZO-1-labelled junctions can be seen at the superficial 
surface of the developing neuroepithelium (arrowhead in Fig. 4.8B). This 
organisation is not found in control embryos. This suggests that perhaps 
interdigitation delays the generation of a proper reticular apical network.  
 
To confirm that this was not an artefact of the cutting process I also examined 
polarisation in trilobite mutants in which division was blocked with emi1 
morpholino. In these embryos, convergence of the posterior neural plate is 
delayed and usually leads to ectopic divisions and duplicated lumens by 24hpf, 
as described previously. In division-blocked embryos, however, these ectopic 
lumens do not form, rather a single central lumen is formed (Tawk et al., 2007). 
I examined division–blocked trilobite mutants at the 15 somite-stage, mid-way 
through neurulation and prior to lumen formation, to examine how individual 
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cells localise polarity proteins earlier in development than previously 
characterised (Fig. 4.9).  
 
Embryos were identified as trilobite by their short body axis and decreased 
somite width, compared to siblings (Sepich et al., 2005) and as division blocked 
by their increased nuclear size (Buckley et al., 2013; Di Fiore and Pines, 2007; 
Machida and Dutta, 2007; Zhang et al., 2008).  
 
Convergence was generally not as severely delayed in trilobites as in surgically 
delayed embryos. In ventral regions of some mutant embryos there was a single 
midline domain of apical proteins, which connected to the more dorsally located 
duplicated lateral lumens (Tawk et al., 2007). It is probable that these cells have 
converged properly and on time, meeting their contralateral partners throughout 
the process. Therefore, in the division-blocked trilobites I examined cellular 
organisation only in regions of the posterior hindbrain and/or spinal cord where 
there were visibly two domains of apical proteins (Fig. 4.9D,F).  
 
Strikingly, in many regions of the division-blocked trilobite hindbrain, rather than 
polarising at the midline, as would be predicted by published images of trilobite 
embryos at later stages of development, many cells localise apical proteins to 
their anti-basal tips (Fig. 4.9D). Additionally, I saw regions of reticular junctional 
networks at the superficial surface in trilobite division-blocked embryos (Fig. 
4.9F, 12/12) that are not observed in sibling non-injected trilobite embryos, 
which have undergone ectopic C-divisions (Fig. 4.9B, 0/10), or in division-
blocked only wild-type/heterozygote sibling controls (Fig. 4.9C, 0/8).  
 
These observations from division-blocked trilobites are very similar to those from 
split-brain division blocked embryos. It appears therefore that, however 
convergence is delayed, neural cells localise apical polarity proteins to their most 
extreme anti-basal tips, rather than at the point where they intersect the tissue 
midline. This suggests that, when cells are unable to interact with their 
contralateral counterparts, they show an underlying propensity to localise apical 
complexes to their most anti-basal extremity. In addition, in the absence of left-
right interactions an apical surface connected by junctional belts may be built in 
advance of the normal schedule.  
 
4.3.8  Alpha-catenin puncta accumulate at the zone of interdigitation 
The above observations suggest that interactions between contralateral cells are 
able to organise the position of apical complexes. It is possible that these  
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Figure 4.8. Surgical prevention of cell-cell interactions across the 
midline mislocalises apical complexes to the superficial surface.  
 
A, 5μm stack of the hindbrain of a division-blocked embryo at the 17-somite 
stage, which has undergone normal convergence. Cells were labelled with CAAX-
GFP (green) and H2B-RFP (pseudocoloured as blue) and subsequently stained for 
ZO-1 immunoreactivity (magenta). 28/60 cells from seven embryos showed 
polarisation partway along their length (arrowhead). A’, Reconstruction in the 
transverse plane (approximately at level of the white dashed line in A), showing 
ZO-1 localisation to the tissue midline, including the point where a cell intersects 
the midline (arrowhead). B, Single horizontal z-plane of the hindbrain of a 
division-blocked embryo at the 17ss stage in which convergence has been 
experimentally delayed. Where the left and right halves do not meet, ZO-1 lines 
the superficial surface (arrow) of the neural tissue. The superficial surface is 
seen en face on left-hand side (arrowhead). B’, Reconstruction in the transverse 
plane of left–right separated tissue (approximately at level of dashed line in B), 
showing ZO-1 at the superficial tip of neural cell (arrow). Arrowhead indicates 
both the tissue midline and the position of the split. Quantification showed 33/33 
cells from five embryos localised ZO-1 strongly at their most anti-basal tip, 
situated at the superficial surface. All scale bars are 20μm. C, Schematic 
depicting physical separation of the two halves of the neural plate in order to 
delay convergence (right) and sibling controls (left). ZO-1 is shown as magenta 
puncta. Scale bars are 20μm.  
  
Figure 4.8. Surgical prevention of cell-cell interactions 












Figure 4.9. Preventing C-division in convergence delayed trilobite 
mutants mislocalises apical complexes.  
 
A-D, Reconstructed transverse sections through the 15ss posterior 
hindbrain/anterior spinal cord, stained with aPKC. A, Sibling control injected with 
control MO shows single midline domain of aPKC localisation. B, Control trilobite 
mutant shows duplicated lateral domains of aPKC, due to ectopic lateral 
divisions. C, Division-blocked sibling, injected with emi1 MO, blocking division, 
shows aPKC at the tissue midline, with some interruptions (asterisk). D, 
Division-blocked emi1 trilobite mutant shows the majority of aPKC localising to 
the superficial surface of the neural tissue (blue arrow). Ventrally, some aPKC 
localises to the midline (blue arrowhead). C’, C’’, D’, D’’, Same embryos as in C 
and D, showing organisation of cells mosaically labelled with membrane (CAAX)-
GFP. C’, Cell straddles midline, polarising part-way along it’s length. D’, cells are 
oriented at a 45 degree angle to the midline and superficial surface and localise 
aPKC to their anti-basal tips. E-F, Single dorsal horizontal sections of a division-
blocked sibling and trilobite mutant, respectively. E, Single midline domain of 
aPKC, with some interruptions, probably due to nuclei or cell bodies straddling 
the midline. F, Mislocalisation of aPKC to cells’ anti-basal tips, concurrent with 
the superficial surface. In many regions along the antero-posterior axis, aPKC 
localises to patches of reticular junctional networks (blue arrowhead, 12/12 
embryos) that are not observed in emi1 only sibling controls (E, 0/8). Yellow 
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Figure 4.9. Preventing C-division in convergence delayed 








interactions are based on cell-cell adhesions of some form. If this is the case, 
markers of cell-cell junctions should be present in the region of the neural keel 
where left and right cells interdigitate.  
To test this, I analysed nascent cadherin-based cell–cell interactions, again 
making use of the α-catenin (Ctnna) fusion protein transgenic line Gt(Ctnna-
citrine)ct3a. It has been previously shown that in dividing cells of the neural keel, 
the ctnna-citrine fusion protein localises mainly to the cell cortex, but is enriched 
in small foci at the presumptive cleavage plane, that subsequently segregate to 
sub-apical structures (Zigman et al., 2011). Interestingly, this is reminiscent of 
the described subcellular dynamics of Pard3-GFP during cytokinesis (Chapter 3) 
(Tawk et al., 2007). For this experiment, I blocked division, to better visualise α-
catenin throughout the process of cellular interdigitation.  
Single horizontal sections of the neural keel at 8ss showed that the brightest 
ctnna–citrine puncta were present at the cell cortex/membrane (Fig. 4.10A). 
Interestingly, these puncta were not confined to the cells’ anti-basal extremity 
but are present along a lateral region of the cell, where they contact 
contralateral cells (Fig. 4.10A).  
To determine the zone where cells interdigitate, cells were mosaically labelled 
with a membrane label and the signal intensity was increased to clearly show the 
cell outline and extremes of contralateral projections (Fig. 4.1C, 4.10B). If 
labelled cells were present on only one side of the neural keel, their 
morphologies were traced and then mirrored to create a predicted zone of 
interdigitation. This was overlain onto a projection of Ctnna–citrine from the 
same embryo (Fig. 4.10B-B’’).  
Strikingly, this predicted zone of interdigitation closely reflected the region over 
which intense Ctnna puncta were localised (Fig. 4.10B’’, Movie S4.2). This 
observation suggests that cadherin-based adhesions are present where cells 
interdigitate. This supports the hypothesis that left–right interactions define the 
initial localisation of cell–cell junctions and are able to modify the default anti-
basal localisation of apical complexes.  
Interestingly, when these embryos were examined at later stages of neurulation, 
Ctnna-citrine localisation is refined to the midline, despite the zone of 
interdigitation becoming wider (Fig. 4.10C). This increased interdigitation reflects 
the increased propensity of division-blocked cells to stretch completely across 
the width of the neural rod, compared to wild-type cells (Buckley et al., 2013). 
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This refinement of junctions to the midline therefore does not rely on 





Figure 4.10. Alpha-catenin puncta coincide spatially with zones of 
left–right interdigitation in the neural keel and rod. 
A, Single horizontal plane of the hindbrain of a division-blocked embryo at 
the 8 somite-stage, transgenic for Ctnna–citrine (alpha-catenin). 
Ctnna–citrine accumulates along the cell membrane and is not restricted to 
the anti-basal extremity of the cell (n=14 embryos). A’, Same image as A, 
with labels indicating cells from the left (L) and right (R) sides of the keel.  
B, Cells on one side of the neural keel were mosaically labelled with 
CAAX-Cherry (membrane label) and the signal intensity was increased to 
clearly show the cell outline and extremes of contralateral projections. B’, 
Cell morphologies (magenta) were mirrored (yellow) to create a predicted 
zone of interdigitation, overlying a 40μm projection of Ctnna–citrine. B’’, 
The predicted zone of interdigitation (white dashed lines) closely reflects 
the region over which cells localise Ctnna puncta. (10-25 interdigitating 
cells were used to define the zone of interdigitation in each embryo, n=8 
embryos). C, At later stages of neurulation (12ss) Ctnna-citrine localisation 
to the midline is refined to the midline. Scale bars are 10μm. See 














In this chapter I have investigated extrinsic mechanisms for the localisation of 
apical complexes to the tissue midline. I have shown that cross-midline cell-cell 
interactions are crucial for specifying the correct location of apical complex 
assembly within a cell in the neural rod. I have examined apical protein 
localisation within the notochord and the polarisation of neural tissue when the 
notochord is not present.  
 
4.4.1  Refinement of apical protein localisation to the neural midline 
progresses from ventral to dorsal, but not from anterior to 
posterior  
My results show that apical proteins accumulate at the midline in ventral neural 
tissue first, with more dorsal tissue polarising later. I have also shown that there 
are local differences in the timings of polarisation along the anterior-posterior 
axis, and that there is no zip-like anterior-posterior progression of polarity along 
the embryonic axis.  
 
In fact, in some cases regions of the hindbrain refine localisation of apical 
proteins to the tissue midline later than adjacent posterior tissue. This may be 
because the neural plate of the hindbrain is multilayered, between three to six 
cells deep (Clarke, 2009), and is thinnest at its most posterior. The spinal cord 
neural plate is less stratified, and only one cell thick in its most posterior regions. 
This suggests that perhaps convergence movements are slightly faster in the 
spinal cord and less stratified hindbrain regions, leading to earlier refinement of 
polarity proteins to the tissue midline. Alternatively, C-divisions could be 
occurring at slightly different times, potentially delaying refinement of apical 
proteins, such as α-catenin, to the midline.  
 
A recent study examining lumen expansion and subsequent morphogenesis of 
the zebrafish hindbrain showed that, unexpectedly, the lumen does not open 
continuously along the anterior-posterior axis (Gutzman and Sive, 2010). 
Rather, opening occurs in a stereotypical sequence along the hindbrain, 
beginning with a small opening at the rhombomere (r) 0-r1 boundary, followed 
by openings at the boundaries around r4, then at the remaining boundaries and 
finally coalescence to form the ventricle (Gutzman and Sive, 2010). It is possible 
that the initial establishment of apico-basal polarity progresses in a similar 
discontinuous fashion. However, the timings of these small openings appear to 
correlate with rhombomere determination/maturity, as seen with differential 
gene expression in different rhombomeres (Moens and Prince, 2002). As the 
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process of polarisation appears to begin at developmental stages concurrent with 
the establishment of rhombomere identity and associated morphological tissue 
changes, it is possible that patterning may influence polarisation.  
 
My data confirms the importance of comparing timings of polarisation only 
between the same brain regions, although the underlying mechanisms are 
believed to be similar between the hindbrain and spinal cord (Clarke, 2009; 
Tawk et al., 2007). Unless otherwise indicated, the majority of my analysis is 
restricted to rhombomeres 4-7 of the hindbrain, nearest to the otic vesicle, 
which acts as a useful landmark.   
 
4.4.2  Cell–cell interactions are necessary for the correct localisation of 
apical complexes 
By inhibiting left-right interactions and blocking C-division, I have demonstrated 
that neural cells have an underlying propensity to assemble apical complexes at 
their extreme anti-basal pole (Fig. 4.10). This suggests that interactions are 
required to localise apical complexes to the midline of the neural rod.  
 
During wild-type neurulation, C-divisions and apico-basal polarisation are spatio-
temporally co-ordinated. This results in polarity proteins and junctional 
components localising to the abscission plane between daughter cells, which will 
be adjusted to conform to the tissue midline. C-divisions are a dominant driving 
force as when cells of the neural plate are delayed from reaching the midline, 
they divide ectopically and generate duplicated apical surfaces (Ciruna et al., 
2006; Tawk et al., 2007). Here I have blocked division at the same time as 
delaying convergence of the neural plate, preventing cellular interactions across 
the midline as well as inhibiting ectopic divisions. Cells therefore begin to 
polarise before they have interdigitated with their contralateral counterparts. 
This combination of experimental approaches has revealed the underlying 
tendency for cells to localise apical proteins to their anti-basal extremity (Fig. 
4.8).   
 
4.4.3  Cells converging across the midline localise alpha-catenin puncta 
to the region where they interdigitate  
I suggest that this anti-basal signal driving cells to assemble apical complexes at 
their extreme tip is normally modified by left-right interactions. In division-
blocked but otherwise untreated embryos Ctnna-citrine puncta localise to a 
predicted zone of interdigitation around the tissue midline. These puncta are 
subsequently refined more precisely to the tissue midline. This refinement is 
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likely to co-ordinate spatio-temporally with the localisation of other apical 
proteins to this precise midline region, indicating that positive feedback systems 
may be present. This evidence strongly suggests that nascent cadherin-based 
adhesions form between interdigitating cells from the left and right sides of the 
keel. Electron microscopy will prove crucial in determining exactly what types of 
adhesions, if any, occur at this point.  
 
It is also desirable to acquire more detailed spatiotemporal and molecular 
information for the cross-midline interactions. Methods to do so could involve 
use of a cell contact assay, such as the GRASP system, which allows the labelling 
of membrane contacts between two cells in vivo (Feinberg et al., 2008). In this 
system GFP is split into two fragments and will only fluoresce when the two 
fragments come into contact and are thus able to bind and from the complete 
GFP protein. In zebrafish neurulation, a ubiquitous transmembrane protein (e.g. 
CD4) could potentially be used to localise one of the complementary GFP 
fragments to each side of the neural tissue, perhaps employing mosaic injection 
or cellular transplantation. When cell membranes come into contact (i.e. cells 
interact) across the neural keel, the GFP molecule would be complete and would 
fluoresce only at sites of cell-cell contact. These cells could then be fixed and 
stained for various candidate proteins and assessed for co-localisation with the 
GFP. The use of GRASP in this context, however, is likely to be very technically 
demanding and would need to be temporally controlled/inducible. In addition, 
the GFP fragments bind irreversibly and so the system may act itself as a cell-
cell adhesion system, thus interfering with morphogenesis. Similarly, a 
fluorescence resonance energy transfer (FRET)-based proximity assay could be 
applied (Sekar and Periasamy, 2003) although this would require a construct for 
each candidate cell adhesion protein.  
 
Transient E-cadherin-based cell-cell contacts with a high rate of remodelling 
have recently been described to be crucial for the radial intercalation of zebrafish 
blastoderm cells (Morita and Heisenberg, 2013; Song et al., 2013). It is likely 
that cell-cell contacts during neurulation also undergo a degree of remodelling, 
aiding cellular interdigitation and morphogenesis. E-cadherin (cadherin-1) itself, 
however, is primarily expressed in epithelial tissues and is not expressed in 
neural tissue during zebrafish neurulation (Vannier et al., 2013).  
 
The role of α-catenin in zebrafish neurulation is unclear. α-catenin has a number 
of different binding domains and binding partners appear to be context 
dependent, hence a degree of confusion in the literature. In fact, even in the 
non-metazoan Dictyostelium discoideum, which lacks a cadherin homolog, an α-
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catenin ortholog has been shown to be essential for formation of a polarised 
epithelium and multicellular morphogenesis (Dickinson et al., 2011).  It is well 
established and accepted that in vertebrates, α-catenin organises the linkage 
between cadherin and the actin cytoskeleton. However, whether binding to F-
actin is direct is still debatable as this has been shown in vitro (Desai et al., 
2013; Dickinson et al., 2011; Drees et al., 2005; Kwiatkowski et al., 2010; 
Rimm et al., 1995) but has not been confirmed in vivo.  
 
The cadherin and cadherin-like superfamily is very large and so α-catenin based 
adhesions could potentially incorporate a number of proteins, including classical, 
proto, desmosomal and unconventional cadherins (Nollet et al., 2000). In fact, a 
study using epithelial and non-epithelial cells grown on micropatterned 
substrates in the absence of any other polarising cues has shown that classical N 
and E-cadherins at cell-cell contacts are the major regulator of intracellular 
polarity and positioning of the nucleus and centrosome (Dupin et al., 2009). In 
MDCK cells, E-cadherin, cadherin-6 and α-catenin have also been shown to 
function as a scaffold for the establishment of polarised cell-cell junctions 
(Capaldo and Macara, 2007). It is likely that the observed α-catenin-labelled 
accumulations are instructive in initiating apical organisation within the zone of 
cellular interdigitation. It will be crucial to identify the transmembrane and 
intracellular proteins that alpha-catenin is binding to in the context of 
interdigitation of zebrafish neural cells.  
 
Catenin and cadherin based junctions have additionally been shown to facilitate 
the intracellular organisation required for cell polarisation in a number of diverse 
cell types, independently of a role in division orientation (Capaldo and Macara, 
2007; Chilov et al., 2011; Desai et al., 2009; Dupin et al., 2009; Nejsum and 
Nelson, 2007). For example, in the mouse embryo midbrain β-catenin null neural 
progenitor cells show defects in microtubule organisation and remain unpolarised 
(Chilov et al., 2011). In the zebrafish neural primordium, using scribble and 
cadherin-2 mutants, nascent cell-cell adhesion clusters have been suggested to 
be important in defining the division angle of C-divisions (Zigman et al., 2011), 
thus organising apico-basal polarity. N-cadherin has also been shown to be 
required for the localization and abundance of Ctnna-citrine during division 
(Zigman et al., 2011).  
 
4.4.4  Cell-cell interactions may delay maturation of apical complexes 
Interestingly, the data from the split-brain experiments suggests that perhaps 
interdigitation delays the generation of a reticular apical network. Cells that do 
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not interact across the midline appear to show more mature junctions than cells 
that can interact (compare Fig. 4.8A and B). This could potentially be due to the 
fact that non-interacting cells do not need to remodel contralateral adhesions 
and so have more time and/or cellular resources available to build mature apical 
junctional belts.  
 
On this theme, it is possible that C-division itself may also delay polarisation. As 
described in the previous chapter, cells begin to localise apical complexes to the 
midline prior to division. Subsequently undergoing a division will then 
temporarily disrupt this localisation, meaning that perhaps subsequent apical 
junctions formed in dividing cells will be less mature than junctions in their non-
dividing counterparts. Comparison of alpha-catenin localisation around the tissue 
midline in normal and division-blocked embryos (Fig. 4.2 and Fig. 4.10B’’, C, 
Movies S4.1 and S4.2) at the same developmental stages (8ss and 12ss) and in 
the same region (posterior hindbrain) suggests this may be true.  
 
4.4.5  Working model – cellular interactions and nascent adhesions 
coarsely localise apical proteins to the tissue midline 
Assuming that the observed puncta are true adhesions, a model can be proposed 
(Fig. 4.11). It is possible that cellular interactions and nascent adhesions specify 
the rough location of apical polarisation to the region of the cell near the tissue 
midline. This coarse localisation could then recruit the centrosome to this point. 
It is highly probable that the centrosome is an upstream organiser of the 
microtubule cytoskeleton, which has been shown to be necessary for apical 
protein delivery to the apical surface (Akhtar and Streuli, 2013; Bellett et al., 
2009; Feldman and Priess, 2012), including the midline of the zebrafish neural 
rod (Buckley et al., 2013). This organised and polarised microtubule network 
could then reinforce the delivery of various apical proteins, (including members 
of the Par complex and α-catenin himself) to the midline, refining the precise 
location of the apical domain. A loop of this kind has recently been demonstrated 
for Par protein localisation during division in the early C. elegans embryo, a 
classical model for cell polarisation studies (Schenk et al., 2010). What remains 
to be considered is how nascent alpha-catenin organised adhesions are initially 
specified across the midline only between contralateral cells.  
 
4.4.6  Ventral midline signals are not required for the localisation of 
apical complexes at the midline 
My data shows that apical complex assembly progresses from ventral to dorsal in 
the neural rod. This suggests that midline signalling from ventral tissues could 
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be involved. However, neither notochord nor Shh in this region appears to be 
necessary for midline apical assembly. Although ventral cells are missing the 
programme of notochord identity in the floating head mutant and so the 
structure of the notochord is lost, within the embryo there is still likely to be 
some form of midline information present as the somites are able to form around 
this point. Additionally, as some floorplate cells are still present, albeit in a 
disorganised manner, a residual ventral signal could potentially still be present 
and be acting on the overlying neural tissue. It will be interesting to make use of 
existing transgenic zebrafish lines which label floorplate markers, for example, 
tiggy-winkle hedgehog-GFP (Du and Dienhart, 2001), to visualise whether the 
first neural cells to polarise are the floorplate cells themselves or those slightly 
more dorsal.  
 
The floorplate is a complex tissue, made up of multiple distinct populations of 
cells along the anterior-posterior axis (Placzek and Briscoe, 2005).  The classical 
model of sonic hedgehog mediated floorplate induction from the underlying 
notochord is frequently challenged and updated. In the zebrafish it has been 
suggested that transforming growth factor-beta/nodal signalling may be involved 
in the induction of anterior floorplate during gastrulation by pre-chordal 
mesoderm (Etheridge et al., 2001; Kapsimali et al., 2004; Muller et al., 2000; 
Placzek and Briscoe, 2005; Tian et al., 2003). Hedgehog signals, however, may 
act later in development to induce more posterior floorplate cells. In the floating 
head mutant, therefore, it is possible that neural tissue receives a signal from 
early-induced floorplate. This signal, however, would not be spatially restricted 
to the embryonic midline and so probably does not play a role in the localisation 
of polarity proteins in the neural progenitor cells.  
 
A recent paper describes a role for the notochord in later morphogenesis, beyond 
its role in early development (Ellis et al., 2013). Here, they show that if vacuoles 
of the inner cells are absent the body axis does not elongate properly (Ellis et 
al., 2013). Additionally, the axis is dysmorphic and the spine is kinked, indicating 
a key structural role for notochord vacuoles in embryo morphogenesis. This fits 
with the observed kink in ventricle morphology in flh embryos (Fig. 4.6F).  
 
4.4.7  The notochord localises polarity proteins to the organ centre 
concurrent with neural cell polarisation 
Interestingly, polarisation in the ventral neural rod occurs at roughly the same 
time as the notochord localises polarity-related proteins to its centre. This 
suggests that a common unidentified polarising signal could operate in these 
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adjacent tissues. However, as described above, results from the floating head 
mutant suggest that if a common signal exists, it acts independently in the two 
tissues. Interestingly, the notochord localises polarity-related proteins to the 
centre despite not being an epithelium and therefore not developing an apical 
surface. Somehow the organ centre is being detected and polarity proteins are 
organised at this point, perhaps by an anti-basal signal. It will be interesting to 
further examine this phenomenon at earlier and later stages of notochord 
development.  
 
The presence of an anti-basal signal in organising neural tissue polarity is clear. 
In the context of zebrafish neurulation, what remains to be shown is the source 
and nature of this signal. In the next chapter I will go on to investigate the basis 
of the anti-basal signal.  
 
  
Figure 4.11. Model for the role of cell-cell interactions across the 
midline in setting up a polarisation feedback loop. 
A, When cells interdigitate across the tissue midline nascent adhesions 
(magenta) may be formed between contralateral cells. B, These 
adhesions could then recruit puncta of apical polarity proteins (such as 
Par3, green) to a rough region around the tissue midline. C, These 
puncta of Par3 could then recruit the centrosome (orange) which could 
then organise a microtubule cytoskeleton (blue arrows) from this point. 
This microtubule cytoskeleton could subsequently reinforce the 
localisation of apical proteins to the midline, adding precision and 
allowing junctions to mature. Blue arrows indicate direction of apical 
traffic. 
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5.1 INTRODUCTION  
In the previous chapter I discussed the importance of cellular interactions across 
the midline in specifying the location of apical polarisation at the tissue midline. 
Experimentally preventing these interactions whilst blocking cell division 
revealed an underlying propensity for cells to localise apical proteins to their 
extreme anti-basal tips. This chapter will begin to explore the nature of this anti-
basal signal.  
 
5.1.1 The Extracellular matrix orientates epithelial polarity in vitro 
In a multicellular tissue, such as the neural rod, the polarisation of individual 
cells must align with the overall tissue architecture to ensure function. Two 
classical features of an epithelium are that its constituent cells are connected by 
cell-cell junctions and that they lie on top of a basal lamina, a layer of 
extracellular matrix (ECM) components. Due to this direct contact, the ECM has 
been widely implicated as a potential link between cellular polarisation and tissue 
morphogenesis (Ekblom et al., 1998; Li et al., 2003; Liu et al., 2007; Martin-
Belmonte et al., 2008). Although the mechanisms generating lumenal structures 
in vivo are not well understood, much work has addressed the role of ECM in 
lumen formation in vitro.  
 
When Madin-Darby Canine Kidney (MDCK) cells are grown in suspension culture, 
they form ‘multicellular "inside-out" cysts’, whereby apical proteins are found on 
the peripheral (external) surface of the cyst and basolateral markers are found 
on the interior surface (Liu et al., 2007). However, when these cysts are 
embedded in an ECM matrix, they rapidly reorient their polarity; apical proteins 
become localised to the inside surface, and basolateral proteins are found on the 
surface that contacts ECM (Liu et al., 2007). This suggests that ECM components 
may control signalling cascades that orient apical polarity.  
 
For apical polarity to be orientated correctly in vitro, MDCK cysts require a 
cascade of intra and extracellular components, including the basement 
membrane component laminin and the small GTPase Rac1 (O'Brien et al., 2001). 
Interaction of laminin or collagen, another ECM component, with the β1 integrin 
receptor has been shown to induce activation of Rac1 (Yu et al., 2005). Blocking 
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β1 integrin function results in defects in laminin organisation and inverted apical 
polarity and can be rescued by expression of activated Rac1 or the addition of 
exogenous laminin (Yu et al., 2005). This indicates that there are multiple major 
roles for β1 integrin in this system, including the organisation of laminin into the 
basement membrane and as an intracellular signal transducer from the matrix. 
Further investigation in vitro by the same authors has revealed that apical 
orientation also depends on RhoA and its downstream components ROCK1 (Rho 
kinase) and Myosin II (Yu et al., 2008).  
 
A more recent study using a culture model of mammalian mammary gland acini 
further investigates the mechanisms by which ECM components and integrins 
orient epithelial polarity and lumen formation. In this system it appears that, 
downstream of β1 integrins, Rac1 is not necessary and that integrin-linked 
kinase (ILK) is instead required for polarising microtubules and organising 
endocytic trafficking of apical components away from the basolateral membrane 
(Akhtar and Streuli, 2013). Strikingly, this study also shows that deletion of β1 
integrin once a lumen had already formed causes apical components, including 
F-actin and aPKC, to be re-distributed to the outer membrane of the acini 
(Akhtar and Streuli, 2013). This finding is of particular interest as it suggests 
that even once a lumen is formed, apico-basal polarity is not stable and requires 
active trafficking of apical components away from the basolateral surface. 
However, mammary glands in vivo look quite different and are in fact made up 
of a stratified epithelium of two cell layers, from which a lumen develops 
(Campbell and Watson, 2009) so some findings from this simplified culture 
system may not truly represent an in vivo situation.   
 
Additional evidence from endothelial cells of the mouse vasculature in vivo 
demonstrates that β1 integrin is required upstream of Cdc42 and Par3 as part of 
a molecular cascade (Davis et al., 2007; Zovein et al., 2010). Here, loss of β1 
integrin was shown to lead to changes in endothelial cell shape and alterations in 
the levels and localisation of cell-cell adhesion molecules, as well as decreased 
expression of Par3 (Zovein et al., 2010). These studies provide an interesting 
link between polarity complex proteins and the organisation of extracellular 
matrix components, which is likely to be applicable to other systems.  
 
Although it is not yet a conventional epithelium, the zebrafish neural primordium 
is surrounded by a basal lamina containing laminin-1, fibronectin-1 and collagen-
XII from neural plate stages (Araya, 2010; Latimer and Jessen, 2010)(Grant and 
Moens, 2010). As the onset of ECM assembly in this region is likely to occur just 
prior to the initial expression of Par3, ZO-1 and N-cadherin in the neural tissue 
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(chapters 2 and 3)(Yang et al., 2009), it is possible that components of the basal 
lamina and their receptors could initiate a signalling cascade required for polarity 
protein localisation to the tissue midline/future apical surface. It is likely that 
mechanisms similar to those described in culture systems act in this context to 
initially establish polarity and/or couple this polarity to the shaping of the 
developing brain.  
 
5.1.2  ECM is required for correct morphogenesis of many tissues 
Extracellular matrix components have been described to play a role in tissue 
morphogenesis in a number of developmental contexts (Rozario and DeSimone, 
2010), including cardiovascular development (Lockhart et al., 2011), branching 
morphogenesis of the kidney, gut and lung (Kim and Nelson, 2012) and eye 
development (Dong et al., 2002; Lee and Gross, 2007; Rossi et al., 2003; 
Willem et al., 2002). In zebrafish, recent work has shown that laminin and 
fibronectin are required for morphogenesis, with the knockdown of both 
components resulting in convergence defects of the early neural plate (Araya, 
2010) and a loss of the fibronectin receptors integrin-α5 and integrin-V resulting 
in disrupted body elongation (Dray et al., 2013). These phenotypes are likely to 
result, in part, from a loss of adhesion between the mesoderm and adjacent 
tissues. However, extrapolating from the in vitro data discussed above it is also 
highly likely that these ECM proteins are involved in the establishment of cell 
polarity in the zebrafish neural primordium.  
 
A number of zebrafish mutants have recently been characterised and classified 
which show abnormalities in brain morphology and correspond to mutations in 
basement membrane components (Feitosa et al., 2011; Lowery et al., 2009). 
Two mutants, sleepy (sly) and grumpy (gup), corresponding to laminin gamma1 
and laminin beta1 respectively, show defects in the shaping of the mid-hindbrain 
boundary and brain ventricles are reduced in size (Lowery et al., 2009). 
However, the cellular processes underlying these phenotypes remain unknown. 
Additionally, these laminin chains, and to a lesser extent laminin alpha chains, 
have been shown to be required for differentiation of the notochord (Parsons et 
al., 2002b), blood vessel formation and migration (Pollard et al., 2006) and 
retina morphogenesis and differentiation (Biehlmaier et al., 2007). Laminin has 
previously been shown to play other roles in later zebrafish brain development, 
including directing the oriented emergence of axons from retinal ganglion cells 
(Randlett et al., 2011) and in retinotectal axon targeting, leading to defects in 
visual behaviour when lost (Karlstrom et al., 1996). Several studies have also 
identified a role for collagen and collagen-like molecules in neural circuit 
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formation (Fox, 2008) including layer-specific targeting of retinotectal 
projections (Xiao and Baier, 2007) and motor axon outgrowth (Schneider and 
Granato, 2006).  
 
A fibronectin (fn1) mutant, known as natter, also has an abnormal brain 
phenotype (Lowery et al., 2009), indicating that, in general terms, the ECM is 
essential for normal brain morphology. However, the natter phenotype is less 
extreme than those of the laminin mutants sleepy, grumpy and bashful (laminin 
alpha1), and appears later in development, showing mild defects in dorsoventral 
hindbrain ventricle shaping by 28hpf (Lowery et al., 2009). These mutants also 
lack a heartbeat and circulation, which may be a contributing factor to the 
observed ventricle defects as the circulatory system is known to be necessary for 
the later stages of brain ventricle expansion (Lowery and Sive, 2005; Schier et 
al., 1996). This suggests either that there may be temporal and/or functional 
differences in the requirements for ECM components or, alternatively, that 
maternally deposited fibronectin protein persists for longer.   
 
5.1.3  Several ECM components, receptors and downstream intracellular 
signalling mediators are expressed in zebrafish neural tissue from 
early development 
Many ECM components are expressed at the mRNA level in the brain, spinal cord 
and surrounding mesoderm during neurulation. Collated data is summarised in 
Table 5.1.  
 
Laminins are heterotrimers and exist as a number of different complexes, formed 
by various combinations of alpha (a), beta (b), and gamma (c) chains. For 
example Laminin-111 consists of alpha1, beta1 and gamma1 chains. Laminin 
complexes made up of different chains often have different tissue specificities 
(Ekblom et al., 2003; Libby et al., 2000; Sztal et al., 2011) and laminin-111 
protein (also known as laminin-1) often localises to the basement membrane 
surrounding neural tissue (Araya, 2010; Grant and Moens, 2010; Latimer and 
Jessen, 2010).   
 
Mammals have twelve laminin genes and ten zebrafish orthologs have been 
identified which share a conserved function (Sztal et al., 2011). mRNA 
expression data for this stage of development has been published for lama1-5, 
b1, b2, b4, c1 and c3 (Table 5.1). There is also data for b1b and b2l, which are 
zebrafish-specific paralogs of b1 and b2, respectively (Table 5.1). It is likely that 
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there is some redundancy between chains that are expressed in the same 
regions (Pollard et al., 2006).  
 
Fibronectin-1, localises to both the basement membrane around the neural keel 
and strongly to the adjacent connective tissue in early somitogenesis stages 
(Trinh and Stainier, 2004). In zebrafish, there are two fibronectin genes, fn1 and 
fn1b (Table 5.1).  
 
There are over 50 genes in zebrafish encoding 28 different types of collagen 
(Bradford et al., 2013). Most collagens are expressed in adult skin or cartilage, 
but some are also present in the developing embryo, commonly in connective 
tissue. At 24hpf, collagen XII and laminin proteins co-localise in the basement 
membranes surrounding the brain, eye and nasal pits, with collagen XII 
additionally present at lower levels in the adjacent connective tissue (Bader et 
al., 2009). More posteriorly, in the spinal cord, collagen XII localises to the 
basement membrane surrounding the neural tissue and also within the spinal 
cord itself at the dorsal midline and the floor plate (Bader et al., 2009). RT-PCR 
data shows that a gene encoding a type XII collagen, Col12alpha1a, is expressed 
from 2.5hpf with increased expression at 18hpf. The other collagen XII–encoding 
gene, Col12alpha1b, however, is not expressed until 18ss and so is unlikely to 
be involved in neurulation (Table 5.1).  
 
The Spondin2 (previously termed mindin) family of extracellular matrix proteins 
are also expressed during neurulation (Table 5.1). Interestingly, at 24hpf, a Myc-
tagged spondin2b construct, detected with an anti-myc antibody, localises to the 
basal lamina surrounding the neural tissue (Higashijima et al., 1997). Other 
structural components of the basement membrane include heparan sulphate 
proteoglycans (hspgs). These are structural components of the basement 
membrane and have additional roles in regulating growth factor signalling and 
lipid metabolism (Nybakken and Perrimon, 2002). Hspg2 (previously known as 
perlecan) protein is detected ubiquitously from very early in development and by 
24hpf it can be detected throughout the head, trunk and tail (Zoeller et al., 
2008)(Table 5.1).  
 
In addition to the ECM components themselves, it is necessary to consider their 
receptors. The components discussed above signal through both integrin and 
non-integrin receptors. Integrins are heterodimer transmembrane cell adhesion 
receptors made up of different alpha and beta subunits. Including duplications, 
the current integrin gene count in zebrafish is approximately 33 (Bradford et al., 
2013). The beta1 subunit forms a heterodimer complex with a large number of 
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alpha subunits to bind to different ECM components. The majority of higher 
vertebrates have only one beta1 integrin gene but zebrafish have a large set of 
paralogs, with differential temporal and tissue expression. RT-PCR data indicates 
that itgβ1a (formerly itgβ1.1) and itgβ1b (itgβ1.2) are expressed during 
neurulation stages, with β1a expressed from around 10hpf and β1b expressed 
from 2hpf through to 96hpf (Mould et al., 2006)(Table 5.1). This means that 
both could potentially be functioning as receptors in the neural tissue during this 
window of development.  
 
There are also a number of non-integrin ECM receptors. RPSA (ribosomal protein 
SA, previously laminin receptor 1) is a common surface protein present on many 
cell types and has been shown to additionally bind directly to actin, linking the 
ECM to the cytoskeleton (Venticinque et al., 2011). In zebrafish, rpsa mRNA is 
ubiquitously expressed from mid-gastrulation (Table 5.1).  
 
Dystroglycan is another common example of a transmembrane ECM receptor. 
This has been shown to bind to laminin and link it to actin in a number of tissue 
contexts, including skeletal muscle, the brain and kidney (Henry and Campbell, 
1999; Michele and Campbell, 2003; Williamson et al., 1997). Dag1 mRNA is 
expressed in zebrafish neural tissue and various mesodermal tissues adjacent to 
the neural tissue (Parsons et al., 2002a)(Table 5.1) indicating a potential role in 
neural development.  
 
Downstream of ECM-integrin interactions, a number of intracellular mediators 
have been identified. Two common examples are integrin-linked kinase (ILK) and 
the protein tyrosine kinase FAK, which have both been shown to interact with 
integrins (Hannigan et al., 1996; Parsons, 2003) and appear to be required 
almost interchangeably in different tissue and developmental contexts. For 
example, ILK is required for the establishment of apico-basal polarity in mouse 
mammary gland development in vitro and FAK is not necessary (Akhtar and 
Streuli, 2013), whereas in zebrafish lens morphogenesis the reverse is true 
(Hayes et al., 2012).  
 
Zebrafish ilk mRNA is expressed ubiquitously throughout neurulation and is 
highly expressed in the somites in later development, fitting with its identified 
role in strengthening the integrin–ECM adhesion complex in muscle (Postel et al., 
2008) (Table 5.1). Zebrafish possess two FAK paralogous genes, ptk2.1 
(previously fak) and ptk2.2 (previously fak1b) (Crawford et al., 2003; Henry et 
al., 2001). Ptk2.2 is strongly and ubiquitously expressed early in development 
and through neurulation (Table 5.1). These regions of mRNA expression appear 
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to reflect protein expression, illustrated by immunohistochemistry at sites of cell-
ECM contact (Crawford et al., 2003; Postel et al., 2008).   
 
Additionally, focal adhesion adaptor proteins are important for linking cells 
mechanically to the ECM. The focal adhesion protein paxillin (pxn) is expressed 
ubiquitously throughout neurulation (Crawford et al., 2003) whereas vinculin 
(vcl), a gene with a similar function, appears not to be expressed (Thisse et al., 
2004) (Table 5.1). Another focal adhesion protein, talin, has three encoding 
genes in zebrafish, talin (tln)-1, 2a and 2b. Tln1 expression is restricted to the 
notochord during neurulation (Thisse et al., 2001) and there is currently no 
expression data available for the talin-2 paralogs (Table 5.1).  
 
Altogether, it appears that several ECM components and their downstream 
signalling modulators are present in the right place and at the right time to play 
a role in morphogenesis and cell polarisation during zebrafish neurulation.  
 
5.1.4  AIM of chapter:  
To test the hypothesis that an anti-basal signal from the ECM is involved in 
directing apical polarisation in the zebrafish neural primordium. I will focus on 
the potential role of laminin.  
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Table 5.1. Collated mRNA expression data for selected ECM components 
and receptors during early zebrafish development.  
 
Regions of mRNA expression for selected laminin (lam), fibronectin (fn), collagen 
(col), integrin (itg), hspg (heparan sulphate proteoglycan), spondin (spon), 
ribosomal protein SA (rpsa) and dystroglycan (dag) genes from the 1-cell stage 
until 24hpf. NT, neural tissue (plate/keel/rod/tube); SPC, spinal cord; MHB, mid-
hindbrain boundary; LPM, lateral plate mesoderm; PM, paraxial/presomitic 
mesoderm; Not, notochord; Hyp, hypochord; OV, otic vesicle; Epi, epidermis; 
DFC, dorsal forerunner cells; (p), presumptive; NE, no expression. Grey box 
indicates no information available.  
 
Table adapted from Sztal et al. (2011) with data from (Ablooglu et al., 2010; 
Baxendale et al., 2009; Crawford et al., 2003; Gansner and Gitlin, 2008; Li et 
al., 2007; Moore et al., 2008; Parsons et al., 2002a; Parsons et al., 2002b; 
Pollard et al., 2006; Postel et al., 2008; Rauch et al., 2003; Sakaguchi et al., 
2006; Thisse et al., 2004; Thisse et al., 2001; Thisse and Thisse, 2005; Trinh 
and Stainier, 2004; Zinkevich et al., 2006; Zoeller et al., 2008).  
 
  
Table 5.1. mRNA expression of ECM components and receptors.
24hpf
Stage Stage Stage
lama1 Shield Ubiquitous. 16ss Brain, SPC, not, OV (p). Brain, SPC, eye, OV, not, 
lama2 75% epiboly Mesoderm. 16ss Head, muscle (p). Brain, SPC,eye, trunk muscle. 
lama3 16ss LE. Brain, SPC, eye, skin. 
lama4 16 cells Ubiquitous. 16ss Head, muscle (p). Brain, eye, SPC, trunk muscle. 
lama5 16ss LE. Brain, eye, SPC, not. 
lamb1 1000 cells Ubiquitous. 50% epiboly Axial mesoderm. 16ss Head, not. Brain, SPC, eye, OV, not, trunk muscle. 
lamb1b 16ss LE. Brain, SPC, eye, not. 
lamb2 16ss Head, muscle (p). Brain, SPC, eye, trunk muscle. 
lamb2l 16ss Brain, SPC, head. Head (inc. brain), SPC. 
lamb4 16ss LE. Brain, SPC, eye, OV, skin, trunk muscle.
lamc1 1000 cells Ubiquitous. 16ss Head, NPB, muscle (p), OV (p), not.  Brain, SPC, eye, OV, trunk muscle, not. 
lamc3 16ss LE. Eye, OV, trunk muscle. 
fn1 2 cells NE 50% epiboly Mesoderm. 10ss Anterior LPM, not, tailbud. Not, OV, tailbud. 
fn1b 12ss PM. Somites. 
col4a1 14ss PM. Somites. 
col4a5 14ss NT, not. Brain, SPC, OV, PA, Epi. 
col6a6 Brain, SPC. 
col8a1a 14ss Not. Not, hyp. 
col9a1 14ss Not, floorplate, OV. Not, hyp. 
col9a2 14ss Not, hyp, floorplate. Forebrain, Not, FP, hyp, PM.  
col9a3 10ss Not. Not, hyp, head mesoderm. 
col12a1a 10ss Ubiquitous. Connective tissue. 
col14a1a 18ss MHB, OV, skin. Forebrain, MHB, Epi.  
itgb1b 75% epiboly DFC. 6ss NT, not, tailbud. Myotome. 
hspg2 1000 cells Ubiquitous. 20ss Brain, not. Brain, somites. 
spon2a 10ss Floorplate, axial mesoderm. SPC (floorplate), not. 
spon2b 10ss Floorplate. SPC (floorplate). 
rpsa 50% epiboly Ubiquitous. 10ss Ubiquitous. Ubiquitous.
dag1 128 cells Ubiquitous. Shield Ubiquitous. 12ss NT, PSM, axial mesoderm, adaxial cells. Brain, eye, muscle. 
ptk2.1 Shield LE. 10ss Not, somites. 
ptk2.2 Shield Ubiquitous. 10ss NT, Not, PM. 
ilk 8ss Ubiquitous. Not, somites. 
pxn Shield Ubiquitous. 10ss NT, Not, PM. Head, EVL. 
vcl Shield NE 10ss NE Muscle, lens. 





5.2.1  Fish lines 
Laminin gamma-1 (Sleepy (Sly), allele sa379, splice site mutation, recessive. 
Kindly donated by Steve Harvey (Kettleborough et al., 2013). Embryos were 
identified by phenotype.  
 
Fibronectin1 (Natter (Nat), allele tl43c, point mutation). A gift from Debbie Yelon 
(Trinh and Stainier, 2004). Embryos were identified by post-imaging PCR, as 
follows:  
 
DNA was extracted from single embryos as described (Meeker et al., 2007). Each 
embryo was placed in 50μl 50mM NaOH and heated to 95°C for 20 minutes. The 
resulting solution was then cooled to 4°C and neutralised with 5μl 1M Tris HCl 
(pH 8.0). Samples were centrifuged and 5μl of the supernatant was used for 
each 25 μl PCR. 
 
PCR was carried out using a Phusion® Polymerase kit, (New England Biolabs) 
with the following primers: 
5' GGATGTGTTATGGACGGACA 3' and 5’ GCCAGGAAACATTCATC 3’,  
and conditions: 95°C for 1 minute, 40 cycles of 94°C for 30 seconds, 58°C for 30 
seconds, 72°C for 30 seconds, followed by 72°C for 5 minutes.  
 
The resulting 185 bp PCR product was digested with MseI (New England Biolabs) 
and run on a 2% agarose gel. Natter mutants showed fragments of 109 and 76 
bp.  
 
5.2.2  Morpholinos 
The following morpholinos were injected at the one-cell stage: 
 
LamC1 MO: (5’ TGTGCCTTTTGCTATTGCGACCTC 3’) translation-blocking, 3.2 ng 
(0.4 pmoles)/embryo (Parsons et al., 2002b).  
 
Fn1 MO: (5’ TTTTTCACAGGTGCGATTGAACAC 3’) translation-blocking, 6ng (0.75 
pmoles)/embryo (Trinh and Stainier, 2004).  
 
Ilk MO: (5’ GAGAGTGCTTACCTTTTAGATTTGC 3’) splice donor site (of exon 4), 1 
pmole/embryo (Bendig et al., 2006).  
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Emi1 MO: (5’ GTA GTT TGG ACA CTT CAT ATT GAGG 3’) translation blocking, 0.5 
pmoles/embryo (Rhodes et al., 2009).  
Standard control MO (5’ CCTCTTACCTCAGTTACAATTTATA 3’, Gene Tools), 
equivalent concentrations.  
 
Non-injected or control morpholino injected siblings were raised alongside 
injected animals.  
 
5.2.3  mRNA Constructs 
pCS2+ vectors containing the following cDNAs were linearised and mRNA 
synthesised as described in the general methods. 
GFP-Zonula Occludens from human (ZO-1-GFP). Kindly donated by Felix Loosli. 
16-64 cell stage, 0.5-0.25nl of 225ng/μl.  
GFP- or Cherry-CAAX from human (CAAX-FP, membrane-GFP), 16-64 cell stage, 
0.5-0.25nl of 100ng/ul. 
Histone H2B-RFP (H2B-RFP, nuclear-RFP) from human, 16-64 cell stage, 0.5-
0.25nl of 100ng/ul. 
 
5.2.4  Antibodies 
The following antibodies were used for wholemount immunohistochemistry: 
 
Laminin 111 (Sigma, L9393). Rabbit polyclonal. 1:500. 4% PFA fixation. 1% 
Triton-X throughout.  
 
Fibronectin 1 (Sigma, F3648). Rabbit polyclonal. 1:500. 4% PFA fixation. 1% 
Triton-X throughout.  
 
Gamma tubulin (Sigma, T5326). Mouse monoclonal. 1:200. 4% PFA or Dent’s 
fixation.  
 
Phospho-histone H3 (Upstate Biotechnology, 06-570). Rabbit polyclonal. 1:500. 
4% PFA fixation.   
 
Integrin β1 (Aviva, ARP58832_P050). Rabbit polyclonal. 1:200. 4% PFA fixation.  
 
aPKC (PKC ζ) (Santa Cruz, sc-216). Rabbit polyclonal. 1:350. 4% PFA fixation.  
 
ZO-1 (339111, Zymed Laboratories). Mouse monoclonal. 1:300. 4% PFA or 
Dent’s fixation.  
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5.2.5  Cell Division Location Analysis 
Mitotic cells in the hindbrain were labelled with Phospho-Histone H3 antibody 
(Upstate Biotech) and the hindbrain of each embryo was imaged. Volocity® 
software (Perkinelmer) was used to orientate optical sections and perform 
measurements. An equivalent region of the posterior hindbrain was examined in 
all embryos. For embryos at 15ss this region was 200 x 150 x 35μm along the 
anterior-posterior, medio-lateral and dorso-ventral axes respectively, 
approximately encompassing rhombomeres 4-6 with the otic vesicles in the 
middle of the frame. For embryos at 24hpf this region was 450 x 200 x 100μm 
along the anterior-posterior, medio-lateral and dorso-ventral axes respectively, 
encompassing most of the hindbrain with the otic vesicles in the middle. Cells 
from the overlying enveloping layer (EVL, asterisk in D) were excluded from 
analysis, based on larger nuclei size and very dorsal location.  
 
To determine where cell divisions occurred relative to the tissue midline firstly 
the total width across the neural tissue (from basal surface to basal surface) was 
measured. The midpoint was calculated and the distance of each labelled 
dividing cell from this point was measured. All values were initially measured in 
μm and then normalised to account for any differences in neural tube width. 
Subsequently, the maximum distance of a division from the midline was said to 
be 1, and a division occurring on the tissue midline was 0. Prism software 
(Graphpad) was used to carry out statistical analysis. Specific analyses are 
described in the figure legend.  
 
For 24hpf embryos a large number of cells were found to divide at the lumenal 
surface. This population was counted by creating a protocol using the 
measurement function in Volocity®. The ‘find objects’ option was applied to the 
phosphohistone-H3 channel with a minimum object size of 5μm3 and an 
automatic threshold. This was manually checked and corrected as necessary.  
 
5.2.6  Cell death assay 
Apoptotic cells were detected using ApopTag® Red In Situ Apoptosis TUNEL 
Detection Kit (Millipore, S7165), following the provided protocol, with some 
adjustments. Embryos were fixed in 4% PFA overnight at 4°C and washed in PBT 
(0.1% triton). Embryos at 24hpf were permeabilised with 10µg/ml proteinase K 
for 8 mins followed by 4% PFA post-fix for 20 mins. All embryos were 
subsequently treated with a 2:1 solution of EtOH:Acetone at -20°C for 10 mins, 
washed 3 x 5mins in PBT and then incubated in TdT solution following the 
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provided protocol. Signal was detected with anti-DIG-rhodamine antibody. 
Embryos at 13ss were subsequently labelled with an additional antibody against 
laminin to allow mutants to be distinguished. All embryos were counterstained 
with TOPRO.  
 
5.2.7  Cell transplantations 
Donor embryos were labelled by injection with LamC1 MO and/or Fn1 MO or co-
injected with CAAX-RFP, H2B-RFP and/or ZO-1-GFP at one-cell stage. Host 
embryos were not labelled. Transplantations were carried out between sphere 
stage (4hpf) and 50% epiboly (5.3hpf) using a micropipette and mineral oil-filled 
Hamilton syringe. Approximately 30 morphant cells were transplanted into wild-
type hosts of the same developmental stage and host embryos were then raised 
to the required stage. Embryos were fixed for immunohistochemistry and 
imaged. Following transplantation, donor embryos were additionally stained and 
imaged to confirm morphant phenotype.  
 
5.2.8  Ventricle injections 
MatrigelTM (BD Biosciences) was thawed on ice overnight. The following day, 
24hpf embryos were dechorionated and embedded in 1.5% agarose. Embryos 
were covered with a small volume of E2 medium with tricaine. Agarose was then 
removed from the region directly above the fore/midbrain with a micro scalpel. 
Pipette tips and micropipettes were cooled on ice before use.  
Using a micropipette, embryos were injected through the forebrain ventricle to 
prevent damage to the roof plate of the hindbrain. Approximately 4nl of 50% 
MatrigelTM/50% E2 medium solution was pressure injected into each embryo. 
The micropipette was changed frequently to prevent clumping of the MatrigelTM. 
Embryos were then left in agarose and moved to 28.5°C for 2 hours for the 
MatrigelTM to set and for the forebrain wounds to heal, then removed from 
agarose and allowed to develop for a further 12 hours at 28.5°C in fish water + 
0.003% 1-Phenyl-3-(2-thiazolyl)-2-thiourea (PTU, Sigma). Embryos were then 




5.3 RESULTS  
To begin to test the hypothesis of the anti-basal signal, I examined neural 
progenitor cell polarity in embryos lacking components of the ECM. Laminin-1 
was chosen as a starting point as it is highly and specifically expressed in the 
basement membrane and loss of laminin has also been shown to affect the 
incorporation of other ECM proteins into the basement membrane in a number of 
contexts (Li et al., 2003; Urbano et al., 2009).  
 
5.3.1  Knockdown of lamininc1 leads to inverted apico-basal polarity in 
the hindbrain 
I chose to specifically knock down the lamC1 gene, coding for laminin gamma 
chain 1, as this is the only gamma chain to show clear expression in the neural 
plate. As a gamma subunit is essential for building the laminin macromolecule, 
this implies that laminin gamma 1 is likely to be the chain involved during 
neurulation stages. To knock down lamc1 I employed a previously described 
translation-blocking morpholino (Parsons et al., 2002b). In this previous study, 
‘1.4nl was used to deliver a total of 3.5ng of morpholino’ (Parsons et al., 2002b). 
However, as morpholinos notoriously vary between batches, I titrated the 
required concentration to guarantee a full protein knockdown, whilst avoiding 
unnecessary toxicity (Fig. 5.1A). The level of knockdown was assessed using 
immunohistochemistry against laminin-1 protein as this clearly shows at which 
concentration it is lost specifically from the basal lamina surrounding the neural 
tissue. The effective dose was 3.2ng.   
 
Analysis of the morphant neural tissue revealed a number of phenotypes. Most 
strikingly, discrete regions of the neural tube showed inverted polarity, with 
proteins normally present at the tissue midline being mislocalised to the 
basal/external surface (Fig. 5.2). In control MO injected embryos at 15ss, ZO-1 
localises to the tissue midline (Fig. 5.2A-A’’). In lamc1 morphants, however, ZO-
1 is mislocalised to patches at what should be the basal surface (Fig. 5.2B-B’’, 
arrowheads). Some ZO-1 is also present at the tissue midline. The overall 
morphology of the tissue at this stage is relatively normal, however, there are 
gaps between the neural tissue and adjacent mesoderm (Fig. 5.2B).  
 
I also used another previously characterised morpholino to knock down fn1, as 
this is the only fibronectin1 gene expressed in the mesoderm surrounding the 
neural tissue prior to and throughout neurulation (Trinh and Stainier, 2004) 
(Table 5.1). Immunohistochemistry following injection of 6ng of fn1 morpholino 
revealed reduced levels of fibronectin-1 staining in the basement membrane,  
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Figure 5.1. Knockdown of the ECM proteins Laminin-1 and Fibronectin-1 
from the basement membrane surrounding the neural tissue using 
translation-blocking lamc1 and fn1 morpholinos. 
A, Titration of lamc1 MO concentration. Top panel shows reconstructed 
transverse sections at the level of the posterior hindbrain, bottom two panels 
show horizontal sections of the hindbrain at the level of the otic vesicles (OV). 
24hpf embryos were classified as no knockdown, partial knockdown (laminin-1 
protein is still detected, but localises to discontinuous patches in the basal 
lamina surrounding the neural tissue) or full knockdown (no visible laminin 
protein incorporation into the basal lamina even when signal is amplified). 1.6ng 
injections: 12/30 (40%) showed no knockdown, 18/30 (60%) showed partial 
knockdown. 2.4ng injections: 3 (10%) embryos showed no knockdown, 27 
(90%) showed partial knockdown (arrowheads), representative embryo showing 
partial knockdown. 3.2ng injections: 0 embryos showed no knockdown, 3 (17%) 
showed partial knockdown, 27 (83%) showed full knockdown). Representative 
embryo showing full knockdown. Arrowheads indicate gaps in the basement 
membrane, asterisk indicates residual laminin-1 staining in otic vesicle. B, 
Titration of fn1 morpholino concentration. Top panel shows reconstructed 
transverse sections at the level of the posterior hindbrain, bottom panel shows 
horizontal sections of the hindbrain at the level of the otic vesicles (OV). 24hpf 
embryos were classified as no knockdown, partial knockdown (fibronectin-1 
protein is still detected, but at a lower level in the basal lamina surrounding the 
neural tissue and/or mesoderm and otic vesicles) or strong knockdown 
(fibronectin-1 protein is not detected in the basal lamina, but may be present at 
a very low level in the mesoderm, otic vesicles or skin). 4ng injections:  16/30 
(53%) embryos showed no knockdown, 14/30 (47%) showed partial knockdown. 
6ng injections: 26/30 (87%) showed a strong knockdown, often with residual 
low level staining in the skin, 4/30 (13%) showed a partial knockdown. Arrows 
indicate fibronectin in/adjacent to the basement membrane, arrowheads indicate 
residual superficial staining. Scale bars are 20μm.  
  




















Figure 5.1. Knock-down of the ECM proteins Laminin-1 and 
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Figure 5.2. Loss of lamc1 leads to inverted polarity in the hindbrain. 
 
A-D, 10μm horizontal projections of the hindbrain in 15ss (16.5hpf) embryos 
stained for ZO-1 (green) and nuclei (blue). Lamc1 and lamc1/fn1 double 
morphants show a partial inversion of polarity, with mislocalisation of ZO-1 to 
the external (usually basal) surface of the neural tissue (arrowheads in B and D). 
Lamc1 and lamc1/fn1 morphants also show gaps between the neural tissue and 
adjacent mesoderm (asterisks). Control and fn1 morphants do not show inverted 
polarity (A and C). A’-D’, Reconstructed transverse sections taken from just 
anterior to the otic vesicles (otic vesicle, O). E-F, Single horizontal planes of 
24hpf embryos stained for ZO-1 (green), laminin (blue), and F-actin (magenta). 
Only the highest concentration of F-actin in the somites is visible due to the 
fixation/permeabilisation procedure. Although inverted polarity is apparent in 
part of the hindbrain of lamC1 morphants (arrowheads in F), in more posterior 
regions adjacent to the somites, basal ZO-1 is never seen (n= 38/38 embryos). 
E’-F’, Reconstructed transverse sections at the level of the second somite 
showing ZO-1 localising to the tissue midline. G-G’, Partial knockdown (KD) of 
lamc1 leads to discontinuous patches of laminin-1 protein in the basement 
membrane. In these embryos, regions where laminin is missing from the basal 
surface do not always correspond to mislocalisations of apical proteins but where 
apical proteins are present, laminin is always missing (n=30/30 embryos). Scale 






















Figure 5.2. Loss of lamc1 leads to inverted polarity in the hindbrain. 
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although there was some residual low level staining in the mesoderm and dorsal 
tissue (Fig. 5.1B). This level of knockdown of fibronectin1 (fn1) does not cause 
mislocalisation of ZO-1 (Fig. 5.2C-C’’). However, knock down of lamc1 and fn1 
together leads to a more extreme phenotype than the lamc1 MO alone, with 
patches of inverted polarity and severe disorganisation of the tissue morphology 
(Fig 5.2D-D’’). This implies that perhaps there is some one-way redundancy, 
whereby laminin function alone is sufficient to orientate polarity, but fibronectin 
is not. Alternatively, defects in tissue movements could become more apparent 
when both proteins are lost.  
 
A partial knockdown of laminin (either 1.6-2.4ng of MO injected at the one-cell 
stage, or mosaic injection at the 8-16 cell stage) leads to intermittent 
incorporation of laminin protein into the basement membrane. This also leads to 
occasional patches of basally mislocalised apical proteins (Fig. 5.2G-G’). This 
indicates that a total loss of laminin in the basal lamina surrounding the tissue is 
not required for inversion to occur. In these embryos, regions where laminin is 
missing from the basal surface do not always correspond to mislocalisations of 
apical proteins but where apical proteins are present, laminin is always missing 
(Fig. 5.2G-G’, n=30/30 embryos).  
 
The ectopic localisation is highly organised and contains several aspects of a 
conventional apical surface. It is widely known that epithelial cells position their 
centrosomes at the apical surface. To test whether the observed mislocalisation 
of apical proteins to the external tube surface includes the centrosome, 
localisation was examined in lamc1 morphants at 18hpf (18ss) (Fig. 5.3). In both 
control embryos and morphants, γ-tubulin staining localised to regions where 
aPKC is present and partially co-localised (Fig. 5.3, n=6/6 controls, 23/23 
morphants). This suggests that mislocalised basal accumulations of apical 
proteins are representing a true reversal in cell polarity. 
  
Interestingly, when lamc1 morphants are observed at 24hpf, basally mislocalised 
ZO-1 is organised into a reticular network, reminiscent of apical endfeet in 
control embryos, but at the basal/external surface (Fig. 5.4B). This confirms that 
the mislocalisations of ZO-1 remain following neurulation and are likely to 
represent true junctions.  
 
  
Figure 5.3 Centrosomes are mislocalised to the basal surface adjacent to 
aPKC in lamc1 morphants.
Horizontal sections of the hindbrain at 18hpf (18ss) in control (A) and lamC1 
morphant (B) stained for γ-tubulin, labelling centrosomes (magenta), aPKC 
(green) and nuclei (blue). In both control embryos and lamc1 morphants γ-tubulin 
staining localised with aPKC at the apical surface (arrows). In lamC1 morphants 
centrosomes were also observed at the external surface adjacent to patches of 
mislocalised aPKC (arrowheads). This suggests that basally mislocalised 
accumulations of apical proteins are representing a true reversal in cell polarity. A’, 
B’, Insets are magnifications of boxed regions in A and B of centrosomes and aPKC 
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Figure 5.4. ZO-1 localises to reticular structures at the basal surface in 
lamc1 depleted embryos. 
A-C, Projections of ZO-1 protein localisation (white) in the whole depth of the 
hindbrain of 24hpf embryos, around the region of rhombomere 5 (indicated by 
the presence of the otic vesicle). A, Control morphant; B, lamc1 morphant; C, 
sly mutant. Images on the left are viewed dorsally, whilst those on the right 
have been rotated approximately 45 degrees to view the basal accumulations of 
ZO-1 en face. Blue arrowheads indicate basal ZO-1 localising to ring-like 
structures, reminiscent of apical end-feet, but positioned at the basal surface. 
Pink asterisks approximate rhombomere boundaries. Axes are shown in the 









5.3.2  Knockdown of lamininc1 does not alter apico-basal polarity in 
posterior neural tissue adjacent to the somites  
Interestingly, the lamc1 polarity phenotype is most extreme in the anterior-mid 
hindbrain, becoming less severe posteriorly. In the most posterior hindbrain and 
anterior spinal cord, which are flanked by the somites, inverted polarity is never 
observed (Fig. 5.2F-F’, 38/38 embryos).  
 
5.3.3  LamC1 and Fn1 mutants phenocopy morphants 
To rule out the polarity inversion phenotype being due to a non-specific 
morpholino result or to toxicity I examined a lamininc1 mutant (sleepy (sly), 
allele sa379 (Kettleborough et al., 2013). This is an essential splice site mutation 
leading to a loss of functional gamma 1 subunit of laminin protein and the overall 
phenotype correlates with that of other characterised sly mutants (alleles m466 
and m86) (Parsons et al., 2002b)(Fig. 5.5).  
 
At 24hpf embryos with characteristic sly morphology had no laminin protein 
incorporated into the basement membrane and very low levels elsewhere, 
whereas all siblings (heterozygous and wild-type) showed clear accumulation 
(Fig. 5.5, compare C to B). Polarity phenotypes were variable between mutant 
embryos, but all showed some basal patches of apical proteins (aPKC, ZO-1, 
Par3, centrosomes) (31/31, Fig. 5.5C, 5.6D’). Viewing these basal 
mislocalisations en face reveals ZO-1 localising to ring-like structures at the 
basal surface, similar to localisation seen in the lamininc1 morphant (Fig. 5.4, 
compare B to C). At this stage, regions of larger apical endfeet at the 
ventricular/apical surface demarcate rhombomere boundaries. Interestingly in 
the sly mutant, although the ventricle shape is abnormal, the boundaries 
between rhombomeres 4 and 5 and 5 and 6 appear relatively similar to the 
control in spacing and organisation (Fig. 5.4, compare A to C). This is not true in 
the lamc1 morphant at the same stage where boundaries are not visible by ZO-1 
protein expression. The sly phenotype is thus less extreme than the lamc1 
morphant (Fig. 5.4).  
 
Sly mutants were subsequently examined at earlier stages of neurulation to 
determine when laminin is lost from the basement membrane and when the 
polarity phenotype first arises. Embryos were therefore stained for laminin and 
ZO-1.  
 
At 6ss 11/50 embryos from a heterozygote cross did not incorporate laminin into 
a clear basement membrane, although staining in the mesoderm was strong in 
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all embryos, suggesting accumulation of truncated non-functional protein (Fig. 
5.5E-F). Polarity defects were not obvious at this stage, although dispersed 
puncta of ZO-1 protein were detected (Fig. 5.5F). At 10ss, mutants show a clear 
loss of laminin from their basement membrane and can be easily identified (Fig. 
5.5H). ZO-1 is detected around the tissue midline in these embryos and can also 
be seen in patches at the basal surface, but at low levels (Fig. 5.5H, H’’). By 
15ss loss of laminin from the basement membrane is very clear, although it is 
still detected at lower levels in the mesoderm in all embryos (Fig. 5J, K). Regions 
of inverted polarity are clear (10/10 sly mutants, compared to 0/30 siblings, Fig. 
5.5K, K’), although again basal ZO-1 staining is less bright than staining at the 
midline. The extent of inverted polarity varies between mutant embryos at this 
stage, from occasional basal patches of ZO-1 to almost continuous 
accumulations along the extent of the hindbrain. Interestingly, by 10ss, the most 
ventral cells, close to the notochord (likely to be floorplate cells) localise ZO-1 to 
the midline in all of the sibling and mutant embryos examined (Fig. 5.G,H,G’,H’). 
This implies that either laminin is not necessary for polarisation of these cells or 
that these cells are polarising earlier, perhaps before laminin is lost.  
 
Laminin protein was also examined immediately following gastrulation, at 10hpf 
(bud stage) (Fig. 5.5L,M). At this stage 85% (29/34) of the embryos imaged 
from a heterozygous cross showed bright puncta in dorsal tissue, accumulating 
strongly towards the midline, although no organised basal lamina was yet 
present (Fig. 5.5M). The remaining 15% showed staining within individual cells 
but few extracellular puncta and no obvious accumulation towards the midline 
(Fig. 5.5L). This roughly correlates with the expected relative percentages of 
siblings and mutants and thus suggests that siblings are beginning to express 
and secrete laminin protein into a nascent basement membrane at this stage, 
whereas sly mutants cells express a truncated protein, which they do not 
deposit. Abrogation of laminin function in these embryos is therefore likely to 
occur from this stage.  
 
Different ECM components are known to organise each other’s localisation (Li et 
al., 2003; Ryan et al., 1996; Urbano et al., 2009) so I next examined fibronectin 
protein in the sly mutant and laminin protein in the fibronectin mutant nattertl43c 
(Trinh and Stainier, 2004) with immunohistochemistry. In natter mutants, 
laminin is expressed and localised to the basement membrane, as observed in 
siblings. Additionally, ZO-1 localises to the apical surface (11/11 mutants, Fig. 
5.6B). Natter mutants were identified through post-imaging genotyping (PCR 
followed by MseI digest of product) (Trinh and Stainier, 2004). In sly mutants, 
fibronectin protein is expressed at levels broadly comparable to siblings 
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Figure 5.5. Sleepysa379 mutants phenocopy the lamc1 morphant 
phenotype. 
A, Brightfield images of sibling and slysa379 embryos at 35hpf. The size of the 
hindbrain is similar between siblings and mutants (black line) but the body axis 
is severely shortened and the tail kinked in the sly mutant (black arrowhead). 
This correlates with previously published sly mutants of different alleles. B-D, 
Single horizontal planes of 24hpf embryos stained for laminin (magenta), ZO-1 
(green) and nuclei (blue). B, Sibling control shows strong laminin staining in the 
basement membrane surrounding the basal surfaces of the neural tissue and 
ZO-1 at the tissue midline. C, D, Sly sa379 mutant and lamC1 morphant 
respectively show no laminin staining in the basement membrane and very weak 
patches elsewhere. ZO-1 is mislocalised to the basal surface in patches (D, 
arrowheads) or larger regions (E, arrowheads). Basal mislocalisations of ZO-1 
are magnified in the boxed regions. E, F, Single horizontal sections of sibling and 
sly mutant hindbrain at 6ss. Mutants have begun to lose laminin from the 
basement membrane (11/50 embryos from a heterozygous incross), although it 
is still present in the mesoderm. G, H, 5μm projection of the anterior hindbrain 
at 10ss. Mutants show no laminin in the basement membrane and polarity 
disruptions are already evident (10/10 mutants) although basally mislocalised 
ZO-1 is present at a much lower level. G’, H’, At 10ss, the most ventral cells 
localise ZO-1 to the midline in both mutants and siblings. J, K, Single horizontal 
sections at 15ss. ZO-1 localises to the tissue midline in sibling embryos and to 
both the midline and basal surface in sly mutants. Again, basal ZO-1 is present 
at a lower level, compared to midline accumulations. H’, K’, Magnifications of 
the boxed regions in H and K, respectively with the green level artificially 
enhanced to show the presence of ZO-1. L, M, Maximum projections of the full 
depth of tissue overlying the yolk at 10hpf. L, Example of an embryo showing 
diffuse staining within cells (arrowheads) likely to be accumulation of truncated 
laminin protein in a sly embryo. M, Example of an embryo showing puncta of 
deposited laminin protein (arrows), likely to be a sibling. Grey arrow indicates 
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Figure 5.6. Laminin and fibronectin do not organise each others 
localisation in neural tissue.  
A-B, Horizontal sections of sibling control and natter (fibronectin1) embryos at 
24hpf labelled with antibodies against laminin (magenta) and ZO-1 (green). Both 
show clear incorporation of laminin into the basement membrane. C-D, 
Horizontal sections of sibling and sly (lamininc1) embryos at 24hpf labelled with 
antibodies against fibronectin (magenta) and gamma-tubulin (green). 
Fibronectin localises to the mesoderm, otic vesicles and basement membrane 
surrounding the neural tissue in both embryos. The sly embryo shows some 
tissue gaps, where fibronectin is not present (asterisk). C’-D’’, Reconstructed 
transverse sections of the embryos in C and D respectively, with additional 
nuclear stain (blue). Arrows indicate fibronectin in the otic vesicles (C’,D’) and in 
the basement membrane (C’’,D’’). Arrowheads indicate centrosomes mislocalised 
to the external surface, despite the presence of adjacent fibronectin. E, 
Horizontal sections (13ss) and 50μm maximum projections (24hpf) of 
representative sibling and sly embryos stained for apoptotic cells (TUNEL, 
magenta) and an antibody against laminin (green) and/or nuclear stain (blue). 
F-G, The total number of apoptotic cells were counted in a 300 x 150 x 50μm 
region along the anterior-posterior, medio-lateral and dorso-ventral axes 
respectively, with the otic vesicles in the middle of the frame. F, At 13ss, sly 
mutants and siblings showed no significant difference (ns) in the number of 
apoptotic cells (unpaired two-tailed t-test, sibling mean ± s.e.m. 22.00 ± 2.464, 
n=11, sly 22.55 ± 2.466, n=11, P value=0.8772, t=0.1565). G, At 24hpf, sly 
mutants also showed no significant difference to sibling controls (unpaired t-test, 
sibling mean ± s.e.m. 20.90 ± 2.949, n=10, sly 31.20 ± 5.272, n=10, P 
value=0.1054, t=1.705). Lamc1 and fn1 morphants showed significantly more 
apoptosis than control morphants, but were not significantly different to each 
other (control vs lamc1: P value <0.0001, t=6.633; control vs fn1: P=0.0002, 
t=4.749, lamc1 vs fn1: P=0.4122, t=0.8395). Scale bars are all 20μm.  
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but it slightly less well organised (Fig. 5.6D). Sly mutants exhibit some gaps 
between the mesoderm and neural tissue and fibronectin is missing from these 
regions, but is present within the mesoderm and otic vesicles at levels 
comparable to sibling embryos. Fibronectin also largely remains present in the 
basement membrane surrounding the neural tissue, however in some discrete 
regions fibronectin incorporation is downregulated (Fig. 5.6D). Where inverted 
polarity can be seen, fibronectin is often still present (Fig. 5.6D’), indicating it 
does not play a major role in orienting neural progenitors.  
5.3.4  Cell death is not significantly increased in the Sly mutant 
Previous in vitro studies have suggested that the extracellular matrix can act as 
a cell survival signal (Marastoni et al., 2008; Meredith et al., 1993). I therefore 
performed a TUNEL labelling assay to detect apoptotic cells in the neural tissue 
at 13ss (mid-neurulation) and 24hpf (following lumen opening). As expected 
(Cole and Ross, 2001), in sibling embryos a few apoptotic cells were observed at 
both stages (Fig. 5.6E-G). Sly mutants showed no significant difference in 
numbers of apoptotic cells compared to sibling controls (Fig.5.6E-G) (Unpaired 
two-tailed t-tests, 13ss: sibling mean ± s.e.m. 22.00 ± 2.464, n=11, sly 22.55 
± 2.466, n=11, P value=0.8772, t=0.1565; 24hpf: sibling 20.90 ± 2.949, n=10, 
sly 31.20 ± 5.272, n=10, P value=0.1054, t=1.705).  
Control, lamc1 and fn1 morphants were also examined at 24hpf and both lamc1 
and fn1 morphants showed a significant increase in apoptosis compared to 
controls, but were not significantly different to each other (Fig. 5.6G) (control vs 
lamc1: P value <0.0001, t=6.633; control vs fn1: P=0.0002, t=4.749, lamc1 vs 
fn1: P=0.4122, t=0.8395). When control morphants and sly siblings were 
compared, control morphants also showed a significant increase in cell death 
(Fig. 5.6G) (P=0.0083, t=2.964). This suggests that a slight increase in cell 
death may be a general side effect of morpholino use. However, both lamc1 and 
fn1 embryos show increased cell death but only lamc1 show a polarity 
phenotype. Taken together, analysis of mutants and morphants indicates that 
cell death is not the primary cause of the inverted polarity phenotype observed 
when laminin is lost.  
5.3.5  Individual neural cells in lamc1 morphants do not localise apical 
proteins to both the midline and basal/external surface 
My results suggest that a laminin rich ECM is involved in orientating 
neuroprogenitor polarity. Notably, in lamc1 morphants and mutants there are 
regions of tissue in which polarity protein localisation looks wild-type, 
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immediately adjacent to an inverted region. To examine how this unusual 
juxtaposition is possible, I looked at cellular morphologies and organisation.  
 
I firstly asked how the cells are organised in lamC1 morphants around the basal 
patches of apical proteins. I mosaically labelled cells with CAAX-GFP and H2B-
RFP mRNAs and examined embryos at 12ss (mid-neurulation) and 17ss (end of 
neurulation).  
 
At 12ss 148 clearly labelled cells were examined, from 8 embryos labelled with a 
ZO-1 antibody (Fig. 5.7). Of these, 63 (42%) localised ZO-1 to the midline 
(nascent apical surface), 50 (34%) to the external (basal) surface, 24 (16%) to 
multiple regions and 11 (8%) showed no ZO-1 staining (Fig. 5.7).  
 
Of those cells showing normal apical-basal polarity, i.e. localising ZO-1 to the 
midline, some cells appeared to have undergone C-division as normal, with one 
daughter cell on either side of the midline and aPKC localising to their apical 
ends, concurrent with the midline (18 cells). However, some cells also appeared 
not to have crossed the midline and were positioned immediately adjacent to 
another ipsilateral cell, probably a sister cell, with both localising aPKC to their 
apical end at the midline (8 cells, see Fig. 5.8C for example). This implies that 
perhaps loss of laminin is affecting the location or orientation of C-divisions. An 
additional 37 cells localised ZO-1 to the apical surface but had no obvious sister 
cell. Of these, 13 cells polarised partway along their length where they 
intersected the midline (Fig. 5.7D).  
 
Of the 50 cells localising ZO-1 to the external (basal) surface, 34 extended to 
the approximate tissue midline (Fig. 5.7B), whereas 16 cells did not extend this 
far and instead contacted other cells on the same side, forming a stratified pair 
of cells (see Fig. 5.8B for example). Nineteen out of 50 cells localised ZO-1 to 
the basal surface, but formed an additional ‘extra-basal’ bleb, outside of the 
neural tissue (Fig. 5.7C). Of these blebbing cells, 9 did not reach the midline.  
 
I subsequently examined lamc1 morphant embryos at 17ss, corresponding to the 
last stages of neurulation in wild-type embryos (Fig. 5.8). Most of the cellular 
phenotypes were the same as those described above, with an increase in the 
number of cells that appear have undergone normal C-division across the 
midline, i.e. they appear as mirror-symmetric pairs meeting at the midline.  
 
201 cells were examined from 12 embryos labelled with an antibody against 
aPKC. 129 cells (64%) localised aPKC to the apical surface, 67 (33%) to the 
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external surface and 5 (3%) to multiple regions with no preferential enrichment 
at either end. Of the cells localising aPKC to the midline, 112 cells had obvious 
sister cells, 80 of which were located on the contralateral side of the neural 
tissue, and 32 of which were located ipsilaterally, indicating that they had not 
crossed the midline during division (Fig. 5.8C). Seventeen cells had no obvious 
sister cell and localised aPKC either to their apical end (14 cells, Fig. 5.8D) or 
partway along their length, where they intersected the midline (3 cells).  
 
Several cells localised aPKC strongly to their basal end. Of these, the majority 
(37/67 cells) extended to the midline where they connected to another 
contralateral or ipsilateral cell at this point (Fig. 5.8A-A’’). Some cells localising 
aPKC to their basal end did not reach the tissue midline and instead connected to 
another ipsilateral cell (19 cells) (Fig. 5.8B).  Of these, 25 cells showed extra-
basal blebs.  
 
Taken together, these results suggest that patches of inverted polarity may be 
organised in a number of ways. Many cells localise apical proteins to the external 
surface whilst retaining a morphology that is comparable to wild type. 
Additionally, several cells mislocalising apical proteins show an altered 
organisation, do not extend to the tissue midline and often display extrabasal 
blebs protruding outside of the neural tissue. Potential disorganisation where 
adjacent inverted and non-inverted regions meet appears to be resolved by 
constituent cells making contact, or at least abutting, near the tissue midline, 
regardless of their polarity.  
 
5.3.6  Laminin is required for correct localisation of divisions in the 
neural rod  
I next asked whether the ECM contributes to the location of midline divisions. 
Deviation from a single straight lumen at the tissue midline has been attributed 
to ectopic and misoriented cell divisions in a number of previous studies (Araya, 
2010; Quesada-Hernandez et al., 2010; Tawk et al., 2007; Zigman et al., 2011). 
I therefore asked whether ectopic cell divisions could contribute to the lamc1 
phenotype.  
 
To determine whether ECM components may influence the location of C-
divisions, the location of mitoses with respect to the tissue midline was analysed 
in controls, morphants and sly mutants. Embryos were fixed at 15ss and stained 
for phospho-histone H3 to label cells undergoing mitosis (Fig. 5.9). The width of  
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Figure 5.7. ZO-1 is localised to many different regions of the cell in the 
lamc1 morphant hindbrain.  
Examples of cellular organisation in the hindbrain of lamc1 morphants at 12ss. 
Cells are labelled with CAAX-GFP, H2B-RFP (cyan) and ZO-1 (magenta). A-C, 
Cells localising ZO-1 to the basal surface (yellow arrowheads). A, Single 
horizontal section of three cells localising ZO-1 only to their basal tips. B, 15um 
projection of a cell localising ZO-1 to the basal surface. B’, Single plane of the 
same cell.  C, Projection of cell localising ZO-1 to the basal surface, despite the 
cell membrane extending past this point. C’ Single plane of the same cell. D, Cell 
localising ZO-1 partway along its length, roughly where it intersects the tissue 
midline. E, A pair of likely sister cells (located almost adjacent to the cell in B), 
showing ZO-1 present at both the abscission plane, at a more lateral point in one 
cell (arrows) and where one daughter cell contacts the basal surface 
(arrowhead). F, Projection of two cells lying one on top of the other. F’, Single 
horizontal section of cells localising ZO-1 to multiple regions along its length, but 
not at its basal tip. F’’, Single horizontal section of the other cell showing ZO-1 
in lateral process. G-G’, A single horizontal section showing a cell that does not 
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Figure 5.8. Cellular resolution in lamc1 morphants at 17ss. 
Examples of cellular organisation in the hindbrain of lamc1 morphants at 
17ss. Cells are labelled with CAAX-GFP, H2B-RFP (cyan) and aPKC 
(magenta). A-A’’, Example of two cells localising aPKC to the basal surface 
and extending to the midline where they contact other cells. A, Single 
horizontal section. A’-A’’, 10um projection. Cell 1 contacts a cell at the 
midline which localises aPKC to part of it’s apical end (arrow in A’). Cell 1 also 
appears to send a dorsal projection which connects to another patch of aPKC. 
Cell 2 contacts another cell at the midline. B-B’, Example of stratifed cells. 
B, Single horizontal section. B’, 5um horizontal projection of a cell  localising 
ZO-1 to the basal surface, but not extending to the apical surface. Instead, 
it connects to an adjacent (probable sister) cell which localises ZO-1 strongly 
to the apical surface. C, Horizontal section of two potential sister cells on the 
same half of the neural tissue, both lcoalising aPKC to the apical surface. D, 
Horizontal section of a single cell (without obvious sister cell) localising aPKC





















the neural primordium was measured, the midpoint of the tissue was calculated 
and the distance of a dividing cell from this point was measured. All values were 
initially measured in microns and then normalised to account for any slight 
differences in neural tube width. Subsequently, a cell dividing at the maximum 
distance from the midline (i.e. the basal surface) was given a value of 1, and a 
division occurring exactly at the tissue midline was 0 (Fig. 5.9F).   
 
As expected, control embryos showed cells dividing at or very close to the tissue 
midline (median=0.1137, Fig. 5.9A). Interestingly, lamc1 knockdowns showed a 
lateral spread of cells away from the immediate midline (median=0.3853, 
Fig.5.9B), whereas fn1 only knockdowns appeared similar to controls 
(median=0.1315, Fig.5.9C). Sly mutants also showed a lateral spread of dividing 
cells, compared to siblings (medians= 0.2248 and 0.1544 respectively). 
Interestingly, each lamC1 and sly mutant embryo examined showed a number of 
mitoses occurring immediately adjacent to the basal surface, which were not 
observed in controls, siblings or fn1 morphants (Fig. 5.9C, E). A graphical 
representation of the data collected from each embryo is shown Fig. 5.9G.  
 
Embryos within each of the lamC1, fn1 and control morphant groups were not 
significantly variable and so data was pooled to give an overall representative 
distribution for each group (Fig. 5.9H). A Kruskal-Wallis test to compare medians 
(P value<0.0001, Kruskal-Wallis statistic=270.4) with Dunn’s multiple 
comparison post-tests found that lamc1 morphants were significantly different 
(P<0.001, ***) from both controls and fn1 morphants. Controls and fn1 
morphants showed no significant difference (ns). Sly mutants were compared to 
siblings in a separate two-tailed Mann-Whitney test, which found a significant 
difference between the two groups (P value <0.0001, Mann-Whitney U 
statistic=35130).  
 
Additional tests were performed on the mean values from each embryo from 
each group, thus taking embryo variability into account, but sacrificing variance 
within each embryo (P value<0.0001, Kruskal-Wallis statistic =27.06). Dunn’s 
multiple comparison test found lamC1 morphants to be significantly different to 
control morphants (P<0.001) but found no difference between lamc1 and fn1 
morphants. Mean values of each of the sly mutants and siblings were compared 
using a two-tailed Mann-Whitney test (P value=0.0025, Mann-Whitney U statistic 
=0.0), showing a significant difference.  
 
Pooled data is represented graphically in two ways, as a scatter dot plot 
(showing all values, median and interquartile range, Fig. 5.9H) and as a  
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Figure 5.9. Divisions are mislocalised with respect to the tissue midline 
in lamc1 and sly mutants during neurulation.  
A-E, Single confocal planes of 15ss hindbrains stained for phospho-histone-H3 
(magenta) and nuclei (blue), corresponding to control, lamc1 and fn1 morphants 
and siblings and sly mutants, respectively. F, Schematic showing pHistone-H3-
positive nuclei location at different positions, with respect to the tissue midline 
(grey circles), and representative normalised values assigned. G-J, Graphical 
representations of data. G, Each embryo is displayed as a box and whisker plot, 
showing the range, interquartile range and median. H, Scatter dot plots of 
pooled data, showing the median and interquartile range. (Control morphants: 
337 cells, 6 embryos; Lamc1 morphants: 385 cells, 7 embryos; Fn1 morphants: 
312 cells; 5 embryos, Sly mutants: 433 cells, 7 embryos; Sly siblings: 231 cells, 
5 embryos). A two-tailed Mann Whitney test was performed on sly mutants and 
siblings to test whether the medians varied significantly (P value<0.0001, Mann-
Whitney U statistic=35130). A Kruskal-Wallis test was performed on control, 
lamc1 and fn1 morphants to test whether the medians varied significantly (P 
value <0.0001, Kruskal-Wallis statistic=270.4), followed by Dunn’s multiple 
comparison post-tests (with 95% confidence intervals). Lamc1 morphants were 
significantly different from control and fn1 morphants. The results of both tests 
are displayed on the graph (***=P<0.001, ns=not significant). J, Cumulative 
frequency distribution of pooled data from each treatment group, showing the 
percentage of cells and normalised distance. In controls, fn1 morphants and 
siblings, the majority of dividing cells lie close to the midline so data is displayed 
as a steep curve which rapidly flattens away from the midline, whereas in lamc1 
morphants and sly mutants there is more of a lateral spread of divisions, 
indicated by the shallow curves. Bins were determined automatically by Prism 
(Graphpad) software. Key shows colour coding for identification of the different 
experimental groups.  
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Figure 5.9 Location of divisions with respect to the tissue 
midline in control, lamc1 and fn1 morphants, sly mutants and 
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cumulative frequency graph, where the slope of the curve corresponds to the 
lateral spread of divisions from the tissue midline/0 (Fig. 5.9J). Sly mutants and 
lamc1 morphants show a shallow slope, corresponding to more laterally located 
divisions (Fig. 5.9J).  
 
This analysis suggests that laminin, but not fibronectin, may be necessary to 
ensure that C-divisions are located at the tissue midline.  
 
5.3.7  Laminin is required for the correct localisation of divisions in the 
neural tube  
I next examined sly mutants at 24hpf, once the lumen has formed.  Strikingly, 
at this stage sly mutants also show ectopic basal divisions, which appear to 
correlate with patches of inverted polarity. Whilst imaging cellular organisation, I 
observed cells dividing at the non-lumenal/basal surface, in contact with 
accumulations of aPKC (Fig. 5.10). At this stage of development, divisions 
normally occur adjacent to the apical/ventricular surface (Alexandre et al., 2010; 
Gotz and Huttner, 2005). Basal divisions therefore could indicate that the 
patches of inverted polarity are acting as new apical surfaces. I subsequently 
performed a broader analysis of this phenotype by staining 24hpf sly mutants 
and siblings for phospho-histone H3 and ZO-1 to correlate location of mitoses 
with apical protein location.  
 
Both sibling and sly embryos showed many mitoses at the ventricular/lumenal 
surface (Fig. 5.11A,B). Additionally, each embryo showed a small number of 
mitoses occurring away from the lumenal surface, part-way between the apical 
and basal surfaces (Fig. 5.11C,D) Normalised (with the apical surface as 0 and 
the external surface as 1) these ranged from 0.15 to 0.90, (median=0.60) in 
siblings and from 0.18 to 0.91 (median=0.66) in sly embryos. Cells undergoing 
division in this sub-apical region are classically known as basal progenitors 
(Haubensak et al., 2004; Noctor et al., 2004)((Gotz and Huttner, 2005; Miyata 
et al., 2004), but here I will instead refer to them as ‘sub-lumenal’.  
 
In sibling embryos, truly basal mitoses occurring immediately adjacent to the 
non-lumenal/external surface were very rarely seen (<1%, 1/1216 mitotic cells, 
from 13 sibling embryos). However, divisions occurring at the non-lumenal 
surface were much more frequent in sly embryos (5%, 277/5287 mitotic cells, 
from 21 embryos) (Fig. 5.11B). Moreover, non-lumenal divisions were highly 
correlated with regions of mislocalised ZO-1. From the 21 embryos examined, 
99% (271/277) of the divisions at this surface occurred adjacent to patches of 
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ZO-1 and, furthermore, embryos with larger regions of inverted polarity showed 
more of these divisions, to a maximum of 12.2% of total divisions in the embryo 
showing the highest level of inverted polarity. This indicates that the mislocalised 
patches of aPKC/ZO-1 are acting as a true apical surface, with nuclei likely to be 
migrating to this region to divide.  
 
For statistical analysis and graphical representation, each division was 
categorised as lumenal (0-0.1), sub-lumenal (0.11-0.9) or non-lumenal (0.91-1) 
and their relative percentages were analysed using Chi-squared tests (Fig. 
5.11E,G). Including all divisions there was no overall significant difference 
between sly mutants and siblings (Chi-square=5.131, 2 degrees of freedom (df), 
95% confidence intervals) (Fig. 5.11G). However, excluding lumenal divisions, 
and analysing only the proportion of sub-lumenal versus non-lumenal divisions, 
the difference was highly significant (P value<0.0001, Chi-square=107.5, 1 df, 
95% confidence intervals) (Fig. 5.11G). The median and range of sub-apical and 
non-lumenal divisions from each embryo is also graphically displayed (Fig 
5.11F). Finally, the total number of dividing cells between sly embryos and 
siblings was compared and was significantly different, although not highly (sly 
mean ± s.em. of 245.7 ± 9.081, n=21, compared to sibling of 210.9 ± 15.77, 
n=13, two-tailed unpaired t-test, P value=0.0478, t=2.058).  
 
I next asked how these divisions and inverted polarity could be affecting 
neuronal patterning in the hindbrain. 24hpf sly mutants and siblings were 
examined for HuC/D protein localisation, specific to post-mitotic neurons, in 
addition to ZO-1 and F-actin. Sensory ganglia were detected with HuC/D 
labelling and appeared relatively normal in position and size, compared to 
siblings (Fig. 5.12 A,B). In sly mutants, several HuC/D positive cells were 
present immediately outside of the hindbrain neuroepithelium (6/6 mutants, Fig. 
5.12B, arrowheads), which were not observed in sibling embryos. This does not 
correlate with regions of inverted polarity and thus suggests a disruption to 
neuron migration in sly embryos due to loss of basement membrane integrity.  
 
Within the neural epithelium, HuC/D positive cells are expected to be present 
close to the non-lumenal surface and this was true in sibling embryos (Fig. 
5.12A’,B’) In sly mutants, however, significantly more cells per embryo were in 
contact with the lumenal surface (Mann-Whitney U test, P value=0.0106, n=6 
sly, n=4 siblings) (Fig. 5.12E). Moreover, these sometimes showed a distinct 
elongated morphology with long medio-lateral processes (10/66 cell from 6 
embryos) (Fig. 5. 12D). Additionally, in regions where mislocalised ZO-1 at the 
non-lumenal surface is not mirrored with ZO-1 at the lumenal surface, neurons 
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Figure 5.10. Ectopic divisions occur at patches of apical proteins at the 
non-lumenal surface in sly mutants.   
24hpf embryos labelled mosaically with CAAX-GFP (green) H2B-RFP (cyan) 
mRNAs and stained for aPKC (magenta). A, sly (lamc1) mutant showing a 
division occurring where aPKC is mislocalised to the basal surface. A’, Low 
magnification of hindbrain showing the location of the cell in A (boxed area). OV, 
otic vesicle. B, Cells just after division at an ectopic ‘apical’ patch. Single 
horizontal plane showing aPKC co-localising with the cell membranes. B’, 
Projection of cells cropped from surrounding tissue and rotated in 3D to reveal 
processes (yellow arrowheads) coming from the basally dividing cells and 
connecting to the true apical surface (yellow arrows). Scale bar is 30μm. 
Figure 5.10 Ectopic divisions occur at patches of apical 















Figure 5.11. Laminin is required for the correct localisation of divisions 
in the neural tube. 
A-D, Single horizontal sections showing the location of divisions in sibling and sly 
mutant embryos at 24hpf, labelled with pHistone-H3 (magenta) and ZO-1 
(green). A, Sibling embryo showing cells dividing at the apical/lumenal surface 
(arrow). B, Sly mutant embryos showing cells dividing at the lumen surface 
(arrow) and a number dividing at the non-lumenal/external surface, concurrent 
with mislocalised accumulations of ZO-1 (arrowheads). C-D, Single horizontal 
sections showing ‘sub-lumenal’ divisions, occurring between the apical and basal 
surfaces, (arrowheads) in a sibling, C, and sly mutant embryo, respectively. 
Scale bars are 20μm. E, Schematic showing pHistoneH3-positive nuclei location 
in the apico-basal plane (circles) and representative normalised values assigned. 
The lumen is shown with a dashed line. F, Graphical representation of the 
locations of sub-lumenal and non-lumenal divisions in each siblings and sly 
mutant examined. Each embryo is displayed as a horizontal line showing the 
range, bisected by a vertical line showing the median. Where no median line 
appears to be present, the median is 1. G, Each division was categorised as 
lumenal i.e. at the lumen surface (0-0.1), sub-lumenal (0.11 and 0.9) or non-
lumenal (0.91-1) and their relative percentages from pooled data were analysed 
using Chi-squared tests. Including all divisions there was no overall significant 
difference between mutant and siblings (ns) (Chi-square=5.131, 2 degrees of 
freedom (df), 95% confidence intervals). However, excluding lumenal divisions 
and analysing only sub-lumenal and non-lumenal divisions sly mutants and 
sibling controls showed a highly significant difference (P value<0.0001, Chi-
square=107.5, 1 df, 95% confidence intervals), indicating that loss of laminin 
leads to an increased number of divisions at the non-lumenal surface.  
 
  













Figure 5.11 Laminin is required for the correct localisation 
of divisions in the neural tube.
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Figure 5.12. Neurons are mislocalised within the neuroepithelium in sly 
mutants.  
A-B, Maximum projections of the entire depth of 24hpf hindbrains labelled with 
an antibody against the post-mitotic neuronal marker HuC/D. B, Sly embryos 
show mislocalised neurons both within (arrow) and outside of (arrowheads) the 
neural tube. sg, sensory ganglia. A’-B’, Single horizontal sections of hindbrains 
labelled with HuC/D (green), ZO-1 (magenta) and F-actin (blue). Arrowheads 
indicate neurons outside of the neuroepithelium. A’’-B’’, Reconstructed 
transverse sections of A’ and B’ respectively. C, Magnified single horizontal 
section showing neurons at the midline (grey dashed line) where ZO-1 is not 
present and the lumen has not opened. D, Magnified horizontal section of a 
neuron from a sly mutant in contact with the lumenal surface and showing 
elongated morphology (arrowhead). Black arrowhead indicates the lumenal 
surface. E, Graph showing the number of HuC/D-positive cells immediately 
adjacent to the lumenal surface in siblings and sly embryos. Cells were counted 
in a region 600 X 150 X 150μm along the anterior-posterior, medio-lateral and 
dorso-ventral axes respectively, encompassing the whole hindbrain. whole 
Vertical lines represent the interquartile range and are bisected by the median. 
Sly embryos showed significantly more cells in contact with the lumenal surface 
(Mann-Whitney U test, P value=0.0106, sly: median=9 cells, n=6 embryos, sib: 































Figure 5.12. Neurons are mislocalised within the
















can be seen at the tissue midline, indicating an inversion of neuronal patterning 
and/or migration along the apico-basal axis (Fig. 5.12C). 
5.3.8  Blocking C-division does not rescue loss of lamc1  
Although it is difficult to envisage how ectopic C-divisions could contribute to the 
inverted polarity in lamc1 embryos, blocking this division has been shown to 
rescue polarity defects in other mutants (Quesada-Hernandez et al., 2010; Tawk 
et al., 2007; Zigman et al., 2011). I tested this possibility using emi1 morpholino 
(chapter 4) and examined embryos at 24hpf for apical protein localisation. By 
24hpf, it is likely that two rounds of division will have been blocked, the 16th (C-
division) and 17th divisions.  
 
Firstly, I examined lamc1 morphant embryos for ZO-1 localisation. In both the 
lamc1 and lamc1/emi1 morphants there were clear basal accumulations of ZO-1 
(n=20/20 embryos in both conditions) (Fig. 5.13, compare B to C). Division 
blocked emi1 morphants do not show any basally mislocalised ZO-1 (n=20/20), 
but do show gaps in the apical network ZO-1 due to cells bridging the midline 
(Buckley et al., 2013, Fig. 5.13D). Lamc1/emi1 double morphant embryos 
showed these gaps in addition to regions of inverted polarity, leading to severely 
disorganised ventricular morphology (Fig. 5.13C). Overall, the double morphant 
is more extreme than both of the single (lamc1 or emi1) morphant phenotypes, 
indicating that both division and laminin contribute to correct apico-basal 
polarisation through separate mechanisms.   
 
To ensure that the extreme division blocked lamc1 phenotype was not caused by 
toxicity, due to the use of two morpholinos, it was confirmed using division 
blocked sly mutants. All of the sly emi1 embryos examined showed basal 
patches of aPKC (n=20/20 sly mutants, 0/20 sibling emi1 controls) (Fig. 5.13G) 
and disrupted ventricle morphology, although this was not as extreme as in 
lamc1/emi1 double morphants, reflecting the more extreme lamc1 morphant 
phenotype (compare Fig. 5.13G to Fig.5.13C). However, this confirms that 
blocking division does not rescue loss of laminin.  
 
5.3.9  Cell transplantation reveals that the Lamc1 inverted polarity 
phenotype is not cell autonomous  
To assess the autonomy of the inverted polarity phenotype I examined the 
polarisation of individual morphant cells in a wild-type background. Morphants 
were used rather than mutants to ensure that the phenotype of the donor 
embryos is known before transplantation. Cells were transplanted from injected  
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Figure 5.13. Ectopic C-divisions are not the cause of the inverted polarity 
phenotype observed in embryos lacking lamc1.  
A-D, 5μm projections of the posterior hindbrain of control and division blocked 
(emi1 MO injected) lamc1 morphants and siblings at 24hpf stained for ZO-1 
(green) F-actin (magenta) and nuclei (blue). C, Division-blocked lamc1 embryos 
show patches basally mislocalised ZO-1 (arrowheads) comparable to lamc1 
morphants able to undergo division (B). A’-D’, Reconstructed transverse 
sections from the embryos in A-D, taken from just posterior to the otic vesicles 
(arrowhead). A’’-D’’, Projections of the entire dorsoventral extent of the 
hindbrain showing ventricular morphology. The lamc1 emi1 double morphant 
shows the most extreme ventricular morphology, with inefficient lumen opening 
and regions of basally mislocalised ZO-1. E-H, Single horizontal sections of 
control and division blocked sly mutants and siblings stained for aPKC (white). 
Increased nuclear size in emi1 MO injected embryos was used as confirmation of 
the division-blocked phenotype (representative size is shown by white circle 
above scale in A-D). Scale bars are 20μm. 
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Figure 5.13. Ectopic C-divisions are not the cause of the inverted 
polarity phenotype observed in embryos lacking lamc1. 
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Figure 5.14. Cell transplantation reveals that the lamC1 morphant 
phenotype is not cell autonomous and that laminin can be laid down by 
multiple adjacent tissues.  
A-B, 18ss embryos showing transplanted cells (magenta) labelled with or 
stained for ZO-1 (GFP), green and nuclei. A, 20μm stack of several lamc1 
morphant neural cells in wild-type (WT) background, which all localise ZO-1-GFP 
to their apical end. 93/93 morphant cells, from 10 embryos showed this 
phenotype B, Single horizontal section of control transplants, showing that 
transplanted WT cells also do not mislocalise ZO-1. Blue arrowheads in A’ and B’ 
depict the location of the basal surfaces of transplanted cells at which no 
mislocalised ZO-1 (white) is visible. C, Donor lamc1 morphant embryos were 
confirmed to show strong patches of ZO-1 mislocalisation to the basal surface 
(blue arrowheads). D, 5μm stack of 18ss embryo showing transplanted cells 
(green, with magenta nucleus) in wild-type background, stained for laminin 
(magenta), ZO-1 (yellow) and nuclei (blue). 39/39 morphant cells from 5 
embryos showed no local loss of laminin. Blue arrowhead in D’ shows position of 
basal endfeet of morphant cells, where no loss or down regulation of laminin is 
apparent. E-F, Single z levels showing lamc1 cells transplanted into the somites 
(E, n=2 embryos, 17 cells) or notochord (F, n=3 embryos, 15 cells) also do not 
show a local loss of laminin protein in the basement membrane. E, Despite one 
somite being made up primarily of morphant cells, there is no local depletion of 
laminin levels, compared to the contralateral somite (blue arrowhead).  
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Figure 5.14. Cell transplantation reveals that the lamC1 
morphant phenotype is not cell autonomous and that laminin 
can be laid down by multiple adjacent tissues. 
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Figure 5.15. In vangl2 mutants with duplicated neural tubes 
laminin is deposited at the additional basal surface.
Single horizontal planes of trilobite/vangl2 mutant embryos. A, 18ss and 
B, 24hpf stained for ZO-1 (green), laminin (magenta) and nuclei (blue). 
These mutants display duplicated lumen, shown by the mirrored bilateral 
domains of ZO-1 protein localisation, and so the medial side of each tube 
does not lie adjacent to lateral mesoderm. Despite, this, laminin is 
deposited at the additional ‘basal’ surface, in small patches by 18ss 
(yellow arrowhead in A) and in a more continous domain by 24hpf, once 
the lumen have expanded (yellow arrowheads in B). A’, B’ and B’’ are 
reconstructed transverse sections from A and B respectively at the 
positions indicated by the black arrows. In some regions of the 24hpf 
embryo additional laminin is deposited as two separate lamina, with 
some cells in between (asterisk in B, B’’). These cells are likely to 
correspond to neural crest cells. Blue arrowhead in B depicts the external 
surface of the neural tissue, which appears adjacent to apical ZO-1 in this 
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donors prior to gastrulation to the presumptive hindbrain/spinal cord region of 
hosts, and embryos were assessed at 18ss, following immunohistochemistry.   
 
Somewhat surprisingly, transplanted lamc1 morphant cells did not show inverted 
polarity (n=9 embryos, 36 cells) and were comparable to wild-type cells in both 
morphology and polarisation. ZO-1-GFP localised to the apical end of the cells, at 
the midline of the tissue (93/93 morphant cells, from 10 embryos, Compare Fig. 
5.14A to Fig. 5.14B). The majority of these morphant cells appeared to have 
undergone C-division, with mirrored pairs of cells on either side of the midline 
(Fig. 5.14A).  
 
I hypothesised that the lack of polarity phenotype in morphant cells could be due 
to a community effect, whereby wild-type cells are organising adjacent morphant 
cells. This could be either directly, through cell-cell interactions, or though the 
deposition of ECM components. I therefore stained embryos with transplanted 
morphant cells for laminin protein. Interestingly, no local laminin loss was seen 
adjacent to morphant cells (Fig. 5.14D). As the morphant cells are therefore still 
in contact with a laminin-containing basal lamina this could explain why no 
inversion phenotype is observed. It is difficult therefore to assess the local 
contribution of laminin. Attempts to apply exogenous laminin locally through 
implantation of coated beads into the neural tissue proved difficult to interpret 
and provided no more information.  
 
5.3.10 Laminin can be deposited into the basement membrane by 
multiple adjacent tissues  
Due to the nature of the transplantation procedure in a few cases transplanted 
donor cells incorporated into the somites or notochord rather than the intended 
hindbrain region. I therefore examined these embryos for defects in laminin 
incorporation into the basement membrane, as these tissues are known to be 
additional sources (Parsons et al., 2002b). In all embryos and cells (n=2 
embryos, 17 cells in somites; n=3 embryos, 15 cells in notochord) there was no 
change in laminin levels adjacent to morphant cells (Fig. 5.14E,F). This supports 
published evidence from transplants of the embryonic shield (Parsons et al., 
2002b), which showed that laminin chains (both β1 and γ1) can be supplied to 
the notochord from either autonomous or non autonomous sources.  
 
Additionally, I examined trilobite mutant embryos (discussed in chapter 4). 
These mutants have duplicated neural tubes, in which one side of the neural 
tissue does not lie next to mesoderm. We can therefore use them to gain 
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additional evidence as to which cells are producing laminin for deposition into the 
basal lamina. Embryos were examined at 18ss and 24hpf and stained for laminin 
and ZO-1 (Fig. 5.15). By 18ss, and more clearly at 24hpf, laminin protein can be 
seen at the additional ‘basal’ surface, between the two neural tubes. This 
suggests that neuroprogenitor cells can secrete laminin, as no other cell types, 
excluding the neural crest (Luo et al., 2001), are present in this area.  
 
This combined evidence therefore suggests that neuroprogenitor cells can make 
laminin, but that each cell does not deposit solely it’s own extracellular pool. 
Moreover, laminin could also be provided from alternative sources, for example 
the adjacent mesoderm.  
 
5.3.11 ECM-cell signalling  
I next briefly investigated potential downstream signalling pathways. In the 
classical epithelial cell it would be assumed that integrins localise to the basal 
end and act as receptors for the ECM. Signals from laminin are largely mediated 
by integrins, among other receptors (Muschler et al., 1999). β1 integrin is used 
as a receptor for a number of different ECM components, including laminin 
(DiPersio et al., 1995; Hodivala-Dilke et al., 1998; Lampe et al., 1998). I 
therefore employed antibody staining to determine whether β1 integrin is 
present in the neural tissue and could therefore be involved in transducing a 
signal from cell-ECM contacts during neurulation.   
 
I used a commercial β1 integrin antibody, raised against a consensus C-terminal 
peptide sequence, with predicted 100% homology to the zebrafish sequence. 
This antibody has been recently published to specifically detect this protein in 
medaka retina (Bogdanovic et al., 2012). Examination of the hindbrain at 10ss 
shows staining at both the basal surface and the tissue midline (Fig. 5.16A-A’’), 
reminiscent of the published staining in the retina, where it localises to the cell 
membrane and is enriched at both the apical and basal surface (Bogdanovic et 
al., 2012). At 24hpf, staining was detected at the apical surface of the zebrafish 
hindbrain (Fig. 5.16C-C’). This antibody staining alone is by no means an 
exhaustive test of integrin involvement but a suggestion that integrin receptors 
could be present in the neural tissue during neurulation.  
 
I next tested whether a potential intracellular mediator of ECM-integrin 
signalling, integrin-linked kinase (ILK), could be involved in directing polarity. 
From published images, morphology of the zebrafish ilk mutant brain and 
nervous system look relatively normal, but embryos have severe heart defects 
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(Bendig et al., 2006; Meder et al., 2011). I used a previously published and 
characterised splice blocking MO to knockdown ilk (Bendig et al., 2006; Meder et 
al., 2011; Postel et al., 2008), using the described heart edema phenotype as a 
concentration guide.  
 
Once morpholino concentration had been determined, ilk morphants were 
examined at 13ss and 20hpf by staining with ZO-1 and laminin.  At  13ss, no 
ZO-1 was mislocalised to the external surface of the tissue, although it was more 
widely distributed around the midline, compared to control embryos (12/12 ilk 
embryos, 5 controls, Fig. 5.16 compare E to D). Strikingly, by this stage laminin 
incorporation into the basement membrane surrounding the neural tissue was 
disrupted (Fig. 5.16E). By 20hpf, there is a clear loss of laminin from the 
basement membrane but ZO-1 localisation is comparable to wild type, 
specifically localised to the tissue midline (Fig. 5.16G). This indicates a potential 
role for ILK in the maintenance of the basement membrane.  
 
5.3.12 Exogenous ECM applied to a mature apical surface does not re-
localise apical proteins 
It has been previously shown in cell culture that localisation of apical proteins to 
the lumenal surface can be redirected by the application of exogenous ECM at 
this apical surface (Akhtar and Streuli, 2013). I therefore asked whether 
exogenous ECM applied to the established ventricular surface can re-direct apical 
proteins in vivo. To do so, I injected an ECM solution (MatrigelTM) into the fourth 
ventricle of 24hpf embryos. As MatrigelTM is primarily composed of laminin-1 
(and also includes collagen IV, heparan sulphate proteoglycan and entactin) I 
reasoned that this was likely to resemble the basement membrane surrounding 
zebrafish neural tissue. Additionally, Matrigel™ rapidly forms a gel between 22°C 
and 35°C and so will set quickly within the ventricle with minimum leakage. 
Following injection, embryos were incubated at 28°C for twelve hours (until 
36hpf), fixed and labelled with antibodies against ZO-1 and laminin.  
 
In wild-type embryos, the presence of additional ECM at the apical surface did 
not drive ZO-1 away from this end of the cells and it remained in a continuous 
network lining the ventricle (Fig. 5.17B). No mislocalised ZO-1 was observed 
(16/16 Matrigel™ injected embryos).  
 
Sly embryos were also injected. Although they show some defects in overall 
ventricle morphology, this did not affect access to the fourth ventricle. Where 
laminin was detected in the ventricle, ZO-1 remained present at both the 
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ventricular surface and in mislocalised patches at the basal surface (n=3/3 
embryos) (Fig. 5.17C-C’). During the injection procedure, some Matrigel™ 
additionally leaked onto the skin and to some regions of the basal surface. When 
exogenous laminin was present at the basal surface, i.e. mimicking its 
localisation in wild-type embryos, it did not re-localise ZO-1 away from ectopic 
basal patches (Fig. 5.17C-C’’).  
 
Taken together, these results suggest that once the apical surface is established 




Control MO ilk MO  
E 13ss
B’’A’’ C’C




No primary antibody Anti-β1 Integrin
Figure 5.16. β1 integrin localisation and ilk morphant phenotype.
A-B, Horizontal sections of the hindbrain at 10ss.  A, stained with an antibody 
raised against a conserved c-terminal region of β1 integrin is excluded from 
nuclei and possibly enriched at the basal surfaces (yellow arrowheads) and 
tissue midline (magenta arrowhead). B, Secondary antibody only control, 
with high gain. A’,B’, Reconstructed transverse sections of the same embryos. 
C-C’, At 24hpf, β1 integrin, detected using the same antibody as in A, 
localises strongly to the apical surface (pink arrowheads) and to some points 
along the basal surface (yellow arrowheads). D-G, Control and integrin-linked 
kinase (ILK) morphants labelled with antibodies against ZO-1 (green) and 
laminin (magenta). E, At 13ss, ilk morphants show disrupted laminin 
incorporation into the basement membrane. ZO-1 is detected near to the 
tissue midline, showing a slightly wider distribution than control morphants 
(E). No ZO-1 is detected at the external surface of the neural tissue. G, At 
20hpf, disruption of laminin incorpation into the basement membrane in ilk 
morphants is more apparent. ZO-1 localises to the midline in both control (G) 
and ilk morphants (H). Scale bars are 20μm. 




Figure 5.17. Exogenous ECM does not re-localise ZO-1 away from the 
apical surface.  
A-C, Single horizontal sections of embryos at 36hpf, 12 hours after injection, 
labelled with antibodies against ZO-1 (green) and laminin (magenta) plus a 
nuclear stain (blue). A, Sham injected embryo. Laminin is restricted to the basal 
edges of the hindbrain and ZO-1 lines the apical surface of the ventricle. B, Wild-
type embryo injected with Matrigel™. Laminin is present at the basal edges of 
the neural tube and additionally fills the ventricle as a gel, abutting the apical 
surface. Arrows indicates ZO-1 at the apical surface, immediately adjacent to 
laminin (n=16/16 embryos). A’-B’, Reconstructed transverse sections of A and B 
respectively, at the anterior-posterior level indicated by the grey arrows. A’’-B’’, 
Magnifications of the ventricular surface of rhombomere two, showing ZO-1 in 
ring-like apical structures in both the absence (A’’) and presence (B’’) of laminin. 
C, Sly mutant injected with Matrigel™. Laminin is present in the ventricle as well 
as on the skin and part of the basal surface. ZO-1 is present at both the apical 
surface and basal surface (n=3/3 embryos). C’-C’’, Reconstructed transverse 
sections 5μm apart at approximately the level indicated by the grey arrow in C. 
Arrowhead in C’ indicates basal ZO-1 adjacent to exogenous basal laminin. D, 
Schematic detailing ventricle injection procedure. The fourth ventricle was 
entered frontally via forebrain and mid-hindbrain junction and pressure injected 




Figure 5.17. Exogenous ECM does not re-localise ZO-1 away from 
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5.4 DISCUSSION 
In this chapter I have investigated whether the ECM could be a source of an 
anti-basal signal that directs apical polarisation of zebrafish neural cells. I have 
shown that the loss of ECM components results in inverted apico-basal polarity 
and ectopic divisions. I have demonstrated that this phenotype is non-
autonomous and have provided evidence that laminin can be deposited into the 
basement membrane by multiple adjacent tissues.  
 
5.4.1  Loss of laminin from the basal lamina results in inverted apico-
basal polarity 
I examined mutants and morphants lacking ECM components and assessed their 
apico-basal polarity. Specifically, embryos lacking a functional laminin gamma1 
chain showed inverted neuroepithelial polarity and gaps between neural tissue 
and adjacent mesoderm. Additional knockdown of fibronectin increased the 
severity of this phenotype, but fibronectin mutants/morphants alone did not 
show any polarity phenotype. There do not appear to be any obvious differences 
in the overall levels of apical polarity proteins between lamc1 
mutants/morphants and controls, although in early neurulation sly mutants show 
lower levels of ZO-1 in the mislocalised basal accumulations than at the midline.  
 
The inverted polarity phenotype fits with data from in vitro cyst culture in which 
laminin has been shown to orient polarity (O'Brien et al., 2001; Yu et al., 2005) 
and with recent in vivo data from the C. elegans pharynx (Rasmussen et al., 
2012). However, it conflicts with evidence from a medaka fish lamininc1 tacobo 
(tab) mutant, in which the polarity and organisation of neuroepithelial cells is not 
affected (Tsuda et al., 2010). This could be due to differences in the mutations. 
However, both are splice donor site mutations and both lead to truncated 
proteins of a similar size, neither of which are incorporated into the basement 
membrane. The medaka fish currently has only a draft genome and so may have 
additional redundant laminin genes. Alternatively lamc1 may have different 
functions in zebrafish and medaka.  
 
Although convergence movements are likely to be compromised in the zebrafish 
lamc1 morphants, this is unlikely to be the sole underlying cause of the polarity 
phenotype. Other mutants with severe convergence defects, including Mzoep, 
lacking head mesoderm, do not show this inversion. Rather, Mzoep embryos 
show a general disorganiation of polarity proteins, even when division is blocked 
(Araya, 2010). Moreover, the vangl2/trilobite mutant has delayed convergence 
(see previous chapter) but does not show any inversion of polarity.  
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The different phenotypes observed from the loss of laminin or fibronectin could 
result from differing levels of expression in the basement membrane. 
Alternatively, differences could be due to the structural nature of the 
components. Classically, laminin macromolecules are known to form independent 
reticular networks and to play a role in resisting tensile forces. In addition, 
laminins have been shown to be necessary for the initial assembly of other ECM 
components into the basement membrane, including collagens and perlecan 
(hspg2) (Li et al., 2003; Ryan et al., 1996; Urbano et al., 2009). At the 
ultrastructural level the basement membrane is disorganised and incomplete 
around both the lamc1 zebrafish notochord and medaka neural tube (Parsons et 
al., 2002b; Tsuda et al., 2010). An upstream role in the organisation of other 
ECM components perhaps indicates why the laminin mutants show a polarity 
phenotype and other mutants/morphants do not. Laminin does not appear to be 
fully responsible for the broad organisation of fibronectin as it is still present in 
both the mesoderm and basement membrane when laminin is lost.  
 
Recent data from C. elegans supports an early role for laminin signalling in 
establishing polarity that can be separated from its structural role in basement 
membrane assembly (Rasmussen et al., 2012). This study demonstrates a 
requirement for laminin for the apical localisation of the Par3 complex in cells of 
the pharynx primordium (Rasmussen et al., 2012). However, the same is not 
true in the C. elegans intestine, also an epithelial tubular structure, where apico-
basal polarity is established prior to laminin expression and is unaffected by 
compromised laminin function (Rasmussen et al., 2012). Therefore it is likely 
that different organs use distinct mechanisms or ECM components to establish 
epithelial cell polarity.  
 
5.4.2  Why is polarity inverted rather that just disorganised?  
Where several adjacent cells show basally mislocalised apical proteins, the 
inverted region is highly organised and displays several characteristics of a 
conventional apical surface, including centrosomes and the assembly of ZO-1 
and aPKC into a reticular network. It is intriguing that cells remain able to 
construct an apical surface, in the wrong place, in absence of ECM. It will be 
interesting to know what is happening at the other end of these cells and where 
proteins usually present at the basolateral part of the cell are localised.  
 
Recently, it has been shown that when the microtubule cytoskeleton is 
abrogated, through treatment with nocodazole, cells will localise apical proteins 
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primarily at their basal ends, even if they have previously been localised to their 
apical end. This implies that without active basal to apical trafficking along a 
microtubule cytoskeleton, apical proteins will by default be localised to the basal 
surface. Therefore it is possible therefore that in the absence of laminin, apical 
proteins accumulate at the basal end of the cell. Cells in these embryos often 
also show extrabasal blebs, similar to my descriptions of cells in the lamc1 
morphants, implying that perhaps the microtubule cytoskeleton is disorganised 
in these cells. It would be interesting to examine microtubule organisation in 
lamc1 embryos, perhaps examining the direction of growth with the microtubule 
end-binding protein EB3-GFP.  
 
5.4.3  Does the C-division exacerbate or partially rescue the lamc1 
polarity phenotype? 
Embryos lacking laminin, but not those lacking fibronectin, also show ectopic 
divisions, both during neurulation and at later stages of neural development. 
This fits with my data showing that embryos lacking laminin show inverted 
polarity, whereas embryos lacking fibronectin do not.  
 
However, ectopic divisions during neurulation do not appear to be the major 
cause of this inverted polarity phenotype for several reasons. Firstly, blocking 
division does not rescue the phenotype (Fig. 5.13). Secondly, the inversion is 
already present by 10ss, before most C-divisons have happened (Fig. 5.5H,H’’). 
Furthermore, single cells can be seen localising ZO-1 to the basal surface, 
indicating that this is not the result of an ectopic C-division, as if this was the 
case one would expect to see a labelled sister cell. Live imaging of polarisation in 
these morphants/mutants has not proved robust but will be crucial in 
determining the influence of late C-divisions on the localisation of apical polarity 
proteins which are already mislocalised to the basal surface.  
 
Interestingly, in the lamC1 mutant and morphant zebrafish, many cells still 
polarise correctly, localising apical proteins to the tissue midline. As previously 
discussed, division is a dominant mechanism and so one hypothetical mechanism 
to explain this is that if C-divisions are able to occur in roughly the right place 
and orientation, the potential aberrant polarisation is rectified by the organising 
role of the C-division. However, blocking the C-division does not eliminate apical 
proteins from the midline (Fig. 5.13), therefore the C-division is not rescuing the 
polarity defect in these cells. This implies that other signals work in concert with 
laminin to organise midline polarisation.  
 
212 
5.4.4  Loss of laminin results in ectopic divisions at the non-lumenal 
surface of the neural tube 
I also show that sly mutants exhibit ectopic divisions at the non-lumenal surface 
during later stages of neural tube development, which correlate with the inverted 
regions of apical proteins.  
 
Mislocalised and misoriented divisions have been previously described in a study 
of the medaka fish tab mutant neural tube (Tsuda et al., 2010). However, these 
divisions do not occur at the basal surface and do not correlate with mislocalised 
apical proteins. This study proposes that the mislocalised divisions are a 
consequence of abnormal interkinetic nuclear migration (INM), which results in 
accelerated neurogenesis (Tsuda et al., 2010). My results strongly suggest that 
interkinetic nuclear migration is reversed in the sly mutants, causing cells to 
divide at the wrong surface of the tissue.  
 
It would be interesting to know whether the basally mislocalised divisions I see 
early in development in the lamc1 morphant zebrafish correspond to mislocalised 
16th divisions (C-divisons) or whether they too are neurogenic. The medaka 
study identifies FAK as a potential downstream player in the regulation of INM 
and division orientation in the neuroepithelium of the neural tube (Tsuda et al., 
2010), which would be worth considering in the zebrafish.  
 
I also examined neuronal organisation in the lamc1 mutants and showed that 
many post-mitotic neurons are localised ectopically outside of the 
neuroepithelium (Fig. 5.12B). The position of these external cells does not 
correlate with regions of inverted polarity in the neural tissue and so points to a 
more general role for a laminin-rich basement membrane in preventing neuronal 
exit from the basal surfaces of the hindbrain. The basement membrane has been 
previously identified as a boundary and substrate for migration of facial 
branchiomotor neurons in the zebrafish hindbrain (Grant and Moens, 2010). 
Interestingly, morpholino knockdown of members of the Par-aPKC complex has 
been shown to result in ectopic ventral migration and the authors describe a 
non-cell autonomous requirement for aPKC in the surrounding neuroepithelium 
(Grant and Moens, 2010). In aPKC λ+ζ double morphants and pard6gb 
morphants laminin staining is normal at 24hpf but, by 48hpf, small randomly 
placed holes appear in the ventral basement membrane, through which these 
neurons continue to migrate ventrally and exit the hindbrain (Grant and Moens, 
2010). This suggests a role for apical polarity proteins in the maintenance of the 
basement membrane. Ectopic ventral migration is also seen in lama1 mutants, 
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which have reduced and discontinuous laminin expression in the ventral neural 
tube, but not total loss of laminin. Polarity is not affected in these mutants, so 
the ectopic neuronal migration phenotype is likely to be due to disruption of the 
basement membrane’s function as a boundary.  
 
Neurogenic divisions occur at the lumenal surface in the hindbrain and spinal 
cord but HuC protein is not expressed until neurons have migrated laterally 
(Alexandre et al., 2010). Therefore, HuC positive cells at the apical surface are 
not usually observed. In sly mutants, however, significantly more neurons were 
present at the lumenal surface compared to sibling controls and these often 
displayed an elongated morphology (Fig. 5.12). Additionally, where ZO-1 is 
discontinuous at the tissue midline and is mislocalised to the non-lumenal 
surface in the same region, neurons are observed accumulating at the midline 
(Fig. 5.12). This indicates that laminin is required for the correct positioning and 
organisation of neurons in the hindbrain neuroepithelium. This role may be 
independent of its structural role in formation of an external boundary.  
 
5.4.5  The mature lumenal surface is not repolarised by addition of 
exogenous laminin 
I show evidence to suggest that once mature, the apical surface does not 
respond to exogenous laminin. This result contradicts what has been shown in 
vitro, whereby laying ECM onto the apical surface of a polarised MDCK cell 
monolayer quickly redistributes apical proteins away from this surface (Akhtar 
and Streuli, 2013). The lack of response to apically placed ECM could be due to 
experimental technicalities, such as allowing insufficient time for the tissue to 
repolarise, although I analysed the embryos twelve hours following injection. 
Alternatively it could be due to lack of ECM receptors present at the mature 
apical surface. However, at 24hpf β1 integrin appears to be present at the apical 
surface, indicating that the embryo could indeed potentially be capable of 
responding to exogenous apical ECM (Fig. 5.16). The presence of integrins at the 
apical/ventricular surface has been previously described in the mouse cortex, 
where they contribute to the attachment of apical processes (Lathia et al., 
2007).  
 
5.4.6  Molecular nature of the anti-basal signal 
I suggest that β1 integrin protein is present in the zebrafish hindbrain during 
neurulation (Fig. 5.16) and it is highly likely that other alpha and beta integrins 
are also expressed in this tissue. Experiments attempting to knockdown β1 
integrin with morpholinos or block ECM-receptor signalling with soluble peptides 
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(RGD and YIGSR) (Dekkers et al., 2010; Gloe et al., 1999; Nair and Schilling, 
2008; Puech et al., 2005) were inconclusive. Studies in cell culture have shown 
that integrin-mediated cell-extracellular matrix interactions also act as cell 
survival signals (Meredith et al., 1993) (Marastoni et al., 2008) and so it will be 
important to consider this additional role when abrogating their function in vivo. 
I have shown that the neural tissue of the sly mutant does not exhibit a 
significant increase in apoptosis during neurulation, but loss of laminin in other 
tissues or at different stages of development may have this effect.  
 
I also briefly investigated a potential intracellular component downstream of 
integrins, ILK. Ilk mutants and morphants have been analysed in a number of 
contexts, including studies of muscular dystrophy (Postel et al., 2008) and 
cardiac contractility (Bendig et al., 2006; Meder et al., 2011). A study examining 
the mechanical stability of skeletal muscle demonstrated that ILK is downstream 
of laminin and integrin alpha 7 and is required to strengthen the adhesion of 
muscle fibres to the ECM, i.e. the integrin-ECM adhesion complex (Postel et al., 
2008). Interestingly, this paper also demonstrated differences in the 
developmental timings of defects in ilk (loc) mutants (4.5hpf) and a laminin 
mutant (1.5hpf, in this case the lama2 mutant candyfloss) (Postel et al., 2008). 
This finding could also be applicable to potential roles for laminin and ILK in 
neural development. However, in my experiments, ilk morphants did not show 
any defects in apico-basal polarity, but laminin organisation into the basement 
membrane was disrupted. This suggests a later role for ILK in maintenance of 
the laminin-rich basement membrane.  
 
FAK could also be an important downstream transducer of integrin signalling, as 
has been described in neural development and lens morphogenesis (Beggs et al., 
2003; Hayes et al., 2012; Parsons, 2003; Tsuda et al., 2010; Xie et al., 2003). 
The activated (phosphorylated) form of FAK been shown to be downregulated in 
the retina of the zebrafish lama1 mutant (Semina et al., 2006) and in the neural 
tube of the medaka lamc1 mutant (Tsuda et al., 2010), but conversely was 
unaffected in the somites of the same medaka lamc1 mutant. This suggests that 
the presence of laminin in the basement membrane could be required for 
activation of FAK in zebrafish neural progenitor cells.  
 
The function of FAK in this system is still unclear. It would be interesting to know 
whether active FAK localises to the basal ends of cells in zebrafish neural tissue 
and whether this is altered in sly mutants. There are currently no zebrafish 
mutants available for the only fak gene expressed during neurulation (ptk2.2) 
and a morpholino approach was not feasible as this gene has two transcripts and 
215 
so would require multiple morpholinos for effective knockdown. Overall, 
experiments examining potential downstream signalling components were 
inconclusive.  
 
In the developing zebrafish myotome, laminins, through heparan sulfate 
proteoglycans (hspgs) have been shown to regulate cell responses to the 
morphogen bone morphogenetic protein (BMP) (Dolez et al., 2011). Extracellular 
hspgs restrict diffusion of BMP protein, thus regulating gene expression and 
patterning (Bink et al., 2003; Machingo et al., 2006; Mizumoto et al., 2009) and 
loss of laminin leads to loss of hspgs surrounding muscle cells (Dolez et al., 
2011). It is possible therefore that loss of laminin from the basement membrane 
surrounding the neural tissue could also affect the availability of morphogens, 
although how a gradient could be interpreted to orient neural progenitor cells is 
unclear. It is also possible that a classical signalling cascade does not form the 
basis of the anti-basal signal mediated by the ECM and that, in fact, polarisation 
away from the basal surface is a mechanical property of the tissue.  
 
5.4.7  Mechanical properties of the ECM in establishing polarity 
Embryos lacking functional laminin gamma 1 chain do not show a uniform 
phenotype along the anterior-posterior axis. In the anterior hindbrain, where 
polarity is often inverted, there are lots of gaps between neural tissue and 
mesoderm (Fig. 5.2B). However, the posterior hindbrain/spinal cord is much less 
severely affected and shows no inversion of polarity or gaps. This could be 
explained by differential requirements for laminin along the anterior-posterior 
axis or, alternatively, by differing mechanical properties of the tissue. The 
disrupted shape of the hindbrain in lamc1 embryos suggests a loss of tissue 
tension due to loss of the basement membrane. Physical anchorage of cells to 
the ECM is known to be a key mechanism of generating polarity in many 
contexts (Asnacios and Hamant, 2012; Bershadsky et al., 2003; Lu et al., 2012). 
It is thus conceivable that mechanical properties of the ECM could underlie the 
establishment of polarity in the zebrafish neural primordium.  
 
A number of recent studies have shown that several key molecular orchestrators 
of cell polarity relay information between the ECM and intracellular structures by 
integrating biochemical and mechanical signals. These include integrins, which 
have been implicated in sensing mechanical forces in the environment and 
regulating cytoskeletal organisation (Burridge and Chrzanowska-Wodnicka, 
1996; Schwartz, 2010). Downstream of the cytoskeleton, a wide range of 
signalling pathways are regulated to control gene expression, including ECM 
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component genes, and induce cellular differentiation (Chiquet et al., 2003; Orr et 
al., 2006; Sanchez-Esteban et al., 2006; Schwartz, 2010). It is still not entirely 
clear how integrins sense forces, but they have been shown to undergo a 
number of conformational rearrangements, which alter their binding properties 
to both ECM and cytoskeletal proteins (Calvete, 2004; Campbell and Humphries, 
2011; Schwartz, 2010; Wegener and Campbell, 2008). These conformational 
changes are likely to be sensitive to applied force (Friedland et al., 2009; Puklin-
Faucher et al., 2006).  
 
A number of non-integrin mechanical sensors have also been identified, which 
may directly bind the ECM or bind to actin filaments and act downstream of cell-
ECM contacts. The focal adhesion protein talin, for example, has been identified 
as an important mechanosensor which binds to the cytoplasmic tail of integrins, 
activating them, and leading to recruitment of cytoskeletal and signalling 
proteins involved in mechanotransduction (Calderwood, 2004; Calderwood et al., 
1999; Roca-Cusachs et al., 2009; Tadokoro et al., 2003). Interestingly, in in 
vitro studies of cell migration, FAK has been shown to recruit talin to nascent 
focal adhesions, independently of integrins (Lawson et al., 2012). According to 
published mRNA expression data, both talin and another focal adhesion protein, 
paxillin, may be present in the zebrafish neural keel (Crawford et al., 2003; 
Thisse et al., 2001)(Table 5.1). Further research into possible mechanisms 
through which mechanosensors could organise polarity in zebrafish neural tissue 
will be required.  
 
5.4.8  Laminin between the neural plate and mesoderm can be laid 
down by both tissues 
Cell transplantation experiments reveal that the lamc1 morphant inverted 
polarity phenotype is not cell autonomous. I show that morphant cells behave 
analogously to wild-type cells, presumably as there is no local loss of laminin. 
This phenotype will likely depend on the density of transplanted cells and the 
ratio of morphant to wild-type host cells.  
 
I also show that neural progenitor cells are capable of depositeing laminin into 
the basement membrane (Fig. 5.15). This supports previous findings, in which 
these cells transplanted into ectopic locations in the embryo form cysts and are 
subsequently surrounded by laminin at their external surface (Girdler et al., 
2013). My experiments complement these findings to show that neural 
progenitors retain the ability to lay down laminin later into neurulation. Therefore 
deposition of the basement membrane may continue throughout and following 
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neurulation, reinforcing the anti-basal signal and orientation of apico-basal 
polarity.  
 
Analysis of the Mzoep mutant, lacking head mesoderm, has previously shown 
that levels of laminin are unaffected whereas fibronectin is present at a lower 
level (Araya, 2010). This indicates that laminin is deposited at the basal surface 
independently of the missing mesoderm and that fibronectin requires either the 
mesoderm to be present or perhaps the close apposition of the mesoderm and 
neural tissues for its proper incorporation into the basement membrane (Araya, 
2010). This supports evidence that laminin is laid down primarily by neural cells 
and fibronectin primarily by the mesoderm.  
 
There is a precedent for the non-autonomous supply of laminin from studies of 
zebrafish notochord development (Parsons et al., 2002b). In normal 
development, laminin β1 and laminin γ1 are supplied autonomously by the 
notochord tissue itself, but transplantation of laminin mutant shields into wild-
type hosts results in normal notochords (Parsons et al., 2002b). This indicates 
that laminin from outside of the notochord can non-autonomously rescue 
notochord differentiation (Parsons et al., 2002b).  
 
A major remaining question is how neural cells and adjacent mesoderm know 
where to initially lay down the ECM (at the deep surface of the neural plate). 
Cells lack all obvious signs of polarity at this point so it is possible that it is 
deposited earlier, before they acquire proper neural progenitor identity. It could 
perhaps be laid down during gastrulation, and transferred along with adjacent 
cells to this location. It is also possible that neural cells only contribute to the 
matrix once they have acquired polarity, via bidirectional signalling, to reinforce 
the basal lamina. My preliminary results from ilk morphants suggest that integrin 
signalling may be required to maintain the integrity of the basal lamina.  
 
A recent paper has provided some clues on how ECM is deposited at the 
interface between different tissues. This study, which uses zebrafish somite 
morphogenesis as a model, suggests that integrins (here, itga5) cluster along 
the nascent tissue boundary prior to fibronectin deposition/matrix formation, 
independently of a ligand (Julich et al., 2009). Intriguingly, this integrin 
clustering appears to be initiated by Eph-Ephrin signalling (Julich et al., 2009). It 
is possible that a similar system exists between the mesoderm and neural tissue 
to restrict de novo ECM deposition to the boundary.  
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Regardless of how it is deposited, it is clear that cell-ECM interactions are crucial 
in determining how a cell is oriented and where it localises polarity proteins, 
divides and organises its morphology. How these signals are transduced is not 
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6      GENERAL DISCUSSION 
 
Using neural tube development in the zebrafish embryo as a model, this thesis 
examined apico-basal polarisation strategies during morphogenesis in vivo. 
 
6.1 Step-by-step guide to zebrafish neurulation 
In the zebrafish neural primordium the coordination of complex cellular and 
morphogenetic processes ensures efficient cell polarisation and lumen formation 
precisely at the tissue midline. These mechanisms include an anti-basal signal, 
mechanical factors, cell-cell interactions, cell division and an intrinsic timer. Here 
I will explain neural progenitor cellular behaviours as they transition from the 
unpolarised neural plate to the polarised neuroepithelium of the neural tube and 
discuss how these are likely to be guided (Fig. 6.1).  
 
6.1.1  Neural plate - anti-basal signal and mechanical factors 
In the zebrafish neural plate cells are initially spheroidal and show no 
conventional apico-basal polarity. These cells subsequently elongate as they 
converge towards the tissue midline and invaginate ventrally, becoming oriented 
along the medio-lateral axis in the process. The most medial cells invaginate 
first, followed by more lateral cells. This step forms a transient tissue known as 
the neural keel.  
 
Concurrent with this behaviour is the presence of a basal lamina, rich in various 
extracellular matrix components, underlying the neural plate and keel. It is not 
clear which population of cells initially deposits the ECM, but I have shown that 
both the mesoderm and neural tissues are capable, at least by later neurulation 
stages. It is possible that the mesoderm initially lays down the ECM, providing 
neural progenitors with an orientation cue and that neural progenitor cells only 
contribute to the basal lamina during later stages, to reinforce it. My work shows 
that this orientation cue forms part of an ‘anti-basal signal’, directing apical 
polarisation away from the basal surface, towards the midline of the tissue.  
 
Mechanical factors are also likely to play an important part in these early stages 
of neurulation. The ECM itself is an obvious candidate for a mechanical role, as 
many components of cell-ECM adhesions have been widely implicated as 
important in studies of mechanosensation and transduction. Loss of the ECM 
could therefore alter the mechanical properties of the neural tissue, resulting in 
misoriented polarisation (Chapter 5). Mechanical contributions at this early stage 
of neurulation are likely to be autonomous to the neural tissue and surrounding 
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ECM as neural cells in the Mzoep mutant, lacking adjacent mesoderm in the 
head, can still partially converge and invaginate (Araya, 2010).  
 
6.1.2  Neural keel - cell-cell interactions 
It is unlikely that cadherin-based cell-cell interactions are required for the 
earliest stages of tissue convergence and invagination. In the parachute 
(cadherin-2/N-cadherin) mutant, which has defective cell-cell junctions, ventral 
tissue does not show an obvious phenotype whereas the most dorsal tissue 
shows strongly reduced convergence and invagination, leading to a T-shaped 
neural tube (Hong and Brewster, 2006).  It is therefore possible that the most 
medial cells of the neural plate, which invaginate first, are able to do so 
effectively in the absence of N-cadherin-based cell-cell junctions and that later 
more lateral cells are not, suggesting different mechanistic requirements for 
these two consecutive stages of neurulation.  
 
Following convergence and invagination, cells of the neural keel subsequently 
elongate further, becoming spindle-like in morphology, and now interdigitate 
across the midline of the tissue in a medio-lateral orientation. At this stage, I 
show that alpha-catenin is enriched at the interface of interdigitating cells at the 
middle of the tissue. I show that cell-cell interactions occur across the midline 
and are crucial for adding spatial precision to the future position of apical 
complexes within a cell (Chapter 4). This may be mediated by instructive cell-cell 
contacts between contralateral cells. When cells are unable to make contact 
across the midline they localise apical proteins to their extreme anti-basal tips, 
concurrent with the superficial surface, instead of partway along the cell.  
 
Cell-cell adhesions are known to be involved in the direct sensing of forces. 
Perhaps as cells elongate and interdigitate the proposed cell-cell contacts across 
the midline respond to regions of high mechanical stress. Specifically, upon 
conformational change, α-catenins have been shown to recruit the actin-binding 
protein vinculin, which could affect the arrangement of cortical actin, cell shape 
and the subsequent localised recruitment of other proteins including apical 
polarity proteins (Yonemura et al., 2010).  
 
Concurrent with interdigitation, polarity and junctional proteins such as the Par3 
and ZO-1, along with the centrosome, localise roughly to the point where a cell 
intersects the tissue midline (Buckley et al., 2013) (Chapter 3). Initial cell-cell 
contacts localised broadly around the midline may recruit other apical polarity 
proteins specifically to the zone in which they interdigitate. It is important that 
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the centrosome is localised to this region as it is likely to both organise the 
microtubule cytoskeleton, and thus reinforce trafficking of apical proteins, and to 
position a key cell division (Buckley et al., 2013). Microtubule-mediated 
transport is required for Par3 and Rab11 to be delivered to the midline as when 
microtubules are experimentally depolymerised these proteins are mislocalised 
to the basal ends of cells (Buckley et al., 2013).  
 
6.1.3  Neural keel/rod – cell division 
The majority of cells in the keel/rod consequently undergo a mediolaterally 
orientated C-division close to the tissue midline, which deposits one daughter 
cell on either side (Tawk et al., 2007). I show that following division entry, the 
apical polarity proteins Par3 and ZO-1 are often re-distributed from their initial 
localisation to the point where the cell intersects the midline to an intermediate 
diffuse localisation throughout the cell. In the later stages of division they are 
often localised to the abscission plane between the daughter cells. Sister cells 
remain connected for some time and the point at which they connect is re-
positioned to the tissue midline where the nascent apical surface will form. Each 
cell is elongated to make contact with both the basal and future apical surfaces. 
The cells must then remodel this contralateral connection so that only ipsilateral 
connections remain and the lumen can open at this point.  
 
The precise order in which the anti-basal signal and cell-cell interactions act on 
neural progenitor cells requires further clarification. Although abrogating multiple 
mechanisms at the same time would likely result in a severely compromised 
embryo, I suspect that cell polarity would still arise in some, albeit disorganised, 
form as neural progenitor cells remain able to break symmetry even when 
removed from the embryo and cultured in an ectopic localisation (Girdler et al., 
2013).  
 
It has recently been suggested that the initiation of polarisation is under the 
control of a timing mechanism, which can override environmental influences 
(Girdler et al., 2013). In fact, when neural cells are placed in an artificial 
environment, they are able to divide and polarise on time, forming a cyst and 
localising apical proteins to the internal/apical surface (Girdler et al., 2013). It 
will be interesting to know whether this also applies to cells in which division is 
blocked or when the ECM is absent.  
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Figure 6.1. Schematics of neural progenitor polarisation and lumen 
formation in different experimental contexts.  
Graphical model of results from this thesis together with data from Tawk et al., 
(2007), Buckley et al., (2013) and Girdler et al., (2013). Apical proteins are in 
green, the basal lamina is in orange. In a wild-type situation, cells of the neural 
plate converge towards the midline, where they interdigitate with contralateral 
cells. Close to this time they also begin to localise apical proteins towards the 
tissue midline. They then undergo C-division giving rise to pairs of daughter 
cells, which are organised around the future apical surface. The lumen then 
opens at the midline of the tissue. When cells are unable to divide, they 
interdigitate as normal but often subsequently stretch across the tissue between 
both basal surfaces and are unable to fully retract contralateral processes. When 
laminin function is abrogated some cells localise apical proteins to the external 
(usually basal) surface, which are organised as patches. When convergence is 
delayed, cells are unable to interact with contralateral counterparts and either 
divide laterally or, if unable to divide, polarise at their anti-basal tips concurrent 
with the superficial surface. When neural progenitors from the plate (NPs) are 
placed in ectopic locations (either cultured in Matrigel™ or in the yolk of the 





















The molecular mediators allowing cells to gauge and respond to developmental 
time are not yet known, although microRNAs have been suggested as possible 
candidates due to their roles in several intracellular timers in C. elegans (Girdler 
et al., 2013; Lee et al., 1993; Pasquinelli et al., 2000; Reinhart et al., 2000) and 
their requirement for zebrafish brain morphogenesis (Giraldez et al., 2005). One 
can speculate that perhaps the same mechanism could be working to polarise 
cells in the notochord, which localise apical proteins to the organ centre at 
roughly the same time.  
 
6.1.4  Cell division-dependent and independent mechanisms 
The midline crossing C-division is evidently important in localising polarity 
proteins during neurulation. It has been widely reported that if these divisions 
occur in the wrong place or orientation, cells polarise ectopically (Quesada-
Hernandez et al., 2010; Tawk et al., 2007; Zigman et al., 2011). However, in 
chapter three I show that cells are able to localise polarity proteins to the tissue 
midline prior to this division. Moreover, it has recently been shown that if 
division is blocked, apical proteins are still localised to the right place at the right 
time (Buckley et al., 2013). I show that the ECM component laminin is also 
required for the correct localisation of cell divisions along the medio-lateral axis 
throughout neural tube development, although mislocalisation of divisions is not 
the cause of the inverted polarity phenotype. These data confirm that underlying 
division-independent mechanisms of polarisation are present.   
 
6.2 How are junctions and cells remodelled during morphogenesis?  
Multiple lines of evidence point to a crucial role for cell-cell interactions and 
junctions in effective neurulation. However, given the dynamic nature of this 
morphogenetic process, adhesions must be extensively remodelled throughout. 
For the collective cell movements of convergence and invagination to occur, 
adhesions between ipsilateral cells must be present. Ipsilateral adhesions must 
also be present following lumen opening for the neuroepithelium to be 
functional. My data suggests that cells interact across the midline through 
neurulation. If these interactions are adhesive in nature they must be lost or 
remodelled later in order for the lumen to open.  
 
The C-division appears to be one mechanism of cellular remodelling, and 
localises components associated with future apical adhesions at the abscission 
plane. However, we now know that neurulation can proceed for the most part in 
the absence of division and that parts of the lumen can open thus division is not 
ultimately required for remodelling of adhesions. In addition, division does not 
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visibly lead to loss of contact between sister cells and, following division, cells 
appear to remain connected across the midline for a long time, right up until the 
lumen unzips. I will thus exclude division from further discussion of junctional 
remodelling.  
 
What remains puzzling is how potential junctions between contralateral and 
ipsilateral cells are distinguished and remodelled. The differential adhesion 
hypothesis describes how cells will segregate, based on differences in 
intercellular adhesiveness (Foty and Steinberg, 2005) and perhaps this same 
idea could apply within a cell. It has been previously shown that junctions are 
more stable where levels of cadherins match (Foty and Steinberg, 2005). If the 
α-catenin labelling described in chapter 4 represents true adhesions perhaps a 
cadherin gradient along the cell length could exist, with the strongest adhesions 
forming where expression levels match. Therefore, assuming cells interdigitate 
by the same extent from each side of the tissue, the strongest adhesions 
between contralateral cells would be present close to the tissue midline whereas 
ipsilateral adhesions would be strong laterally (Fig. 6.1). From current data it is 
not clear whether there is a gradient of α-catenin or cadherins along individual 
cells but this cannot be ruled out. This potential gradient must also be 
considered in three dimensions, along the anterior-posterior and ventral-dorsal 
axes, as well as the medio-lateral axis.  
 
It is probable that adhesions that are present for longer are more mature and 
stable than new adhesions. As cells on the same side of the neural tissue are 
likely to be in close contact for some time this could mean that potential 
adhesions between ipsilateral cells would be stronger than those between 
contralateral cells, aiding preferential remodelling across the midline. Cell-cell 
junctions in general are remarkably unstable at the level of individual adhesion 
proteins, which undergo constant endocytic trafficking into and out of junctions 
at the cell surface, despite them remaining functional (de Beco et al., 2009; 
Huang et al., 2012; Shen et al., 2008; Steed et al., 2010). Trafficking of these 
components may be coupled with inflation of the lumen, perhaps regulating 
differences between ispilateral and contralateral adhesions. It is likely that until 
zebrafish neural progenitor cells become truly epithelial, components of nascent 
junctions are turned over at a higher rate. This is true of E-cadherin turnover in 
cells undergoing EMT, which increases as cells take on mesenchymal 
characteristics (Hong et al., 2010b).  
 
An alternative possibility is that functional adhesions are never made between 
contralateral cells and that the broad presence of alpha-catenin solely acts to  
Figure 6.1. Schematic of potential cell junctions in interdigitating 
neural progenitors. 
The differential adhesion hypothesis has previously described that 
junctions are more stable where levels of cadherins match (Foty et al., 
2005). It is possible that a gradient of cadherins could exist along the cell 
length. If this is the case, the strongest adhesions between contralateral 
cells would be present at the tissue midline whereas ipsilateral adhesions 
would be strong along the medio-lateral axis. This could explain differences 
in the relative remodelling of ipsilateral vs contralateral junctions during 
neurulation. The potential cadherin (or adhesion) gradient is shown in 
black. Cell-cell junctions between contralateral cells are shown in yellow 
and green. The strongest adhesions, in regions where the gradient of 
cadherins is matched between cells, are shown in yellow. Weaker 
adhesions where the gradient is mismatched are shown in green. 
Adhesions between ipsilateral cells are shown in blue. Cell-ECM adhesions 




recruit the centrosome, polarity proteins and/or junctional components. For 
example, recent studies in cell culture have described a cytosolic pool of alpha-
catenin, which is able to bind to and regulate the dynamics of F-actin 
independently of a role in cell-cell adhesion (Benjamin et al., 2010) (reviewed in 
Scott and Yap, 2006). This could precede a described role for alpha-catenin foci 
in spindle orientation (Zigman et al., 2011).  
 
6.3 Why does the zebrafish use multiple mechanisms in order to form a 
lumen?  
It is possible that contralateral cell-cell interactions and cell division across the 
midline both delay the building of mature functional apical tight and adherens 
junctions. As discussed, if junctions are present for longer it is probable that 
they are more stable and so if nascent junctions are partially dismantled during 
the C-division and their components redistributed, as is true of the polarity 
proteins Par3 and ZO-1, they must be rebuilt. Therefore, more junctional 
plasticity is required than when polarisation is established in the absence of cell 
division. My data suggests that when cells are not able to divide and are 
additionally not able interact with contralateral cells, junctions appear more 
mature compared to siblings by late neurulation. Whereas junctions in sibling 
cells are modified at the tissue midline, those at the anti-basal tips of cells do 
not require this remodelling and so have longer to mature.  
 
If these hypotheses are true a more efficient neurulation process would perhaps 
bypass interactions and division and share more similarities with primary 
neurulation in other vertebrates. What advantages then does the zebrafish 
strategy confer?  
 
One major consideration is the physical environment. The zebrafish embryo is 
highly curved, which is likely to impose mechanical stress. Indeed, in the mouse 
curly-tail mutant, increased curvature of the body axis has been directly 
attributed to the failure of neural tube closure (Brook et al., 1991). Moreover, 
when chick embryos are cultured on curved substrata this leads to a delay in 
closure of the posterior neuropore, the extent of which correlates with the angle 
of curvature (van Straaten et al., 1993). Axial curvature also correlates with the 
rate of neural tube closure between different vertebrate species (Peeters et al., 
1998a).  
 
Thus perhaps the zebrafish employs alternative mechanisms to overcome high 
mechanical stress and minimise energy requirements. Division and cellular 
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remodelling may require less force generation than the formation of neural folds 
and a hinge point, as in primary neurulation. Additionally, it is possible that the 
neural tissue of the zebrafish may contain fewer cells relative to other 
vertebrates. If this is the case, the relative contribution of each constituent cell 
in tissue-wide force generation would be much greater. The prevalence of 
neurulation defects in other vertebrates is high (reviewed in Copp et al., 2013) 
and so the existence of redundant mechanisms in zebrafish may also ensure that 
if one mechanism goes wrong the crucial process of brain and spinal cord 
development can still proceed.  
 
6.4 Wider implications in lumen formation and polarity  
The initial polarisation of cells prior to lumen formation has been widely studied 
using cell lines in vitro. I suggest that the extracellular matrix component 
laminin acts in to orient polarisation of cells undergoing epithelialisation in vivo. 
In contrast to in vitro culture, where several interchangeable ECM components 
are sufficient to provide a physical substrate for lumen formation, in vivo 
orientation of polarity appears to be more specific to laminin. My data shows that 
fibronectin is not required and a recent study of the C. elegans pharynx has also 
suggested specificity to loss of laminin, with loss of the ECM components 
perlecan or type IV collagen not leading to the same multi-lumen phenotype 
(Rasmussen et al., 2012). Furthermore, whereas polarity in vitro is plastic, and 
epithelial cells are able to quickly reverse polarity even once it has been 
established (Akhtar and Streuli, 2013), in vivo it seems that that once polarity 
and junctions are set up, the introduction of ectopic basement membrane is 
insufficient to re-localise apical proteins. This suggests that the ECM is required 
during a particular window of development and that other mechanisms act in 
vivo to subsequently maintain apical polarity. I also show that laminin is required 
for the correct positioning of divisions. It would be interesting to test whether 
this could apply to the development of other organ systems where division has 
been implicated in their morphogenesis, such as the tubular systems of the 
kidney and gut.   
 
I show that cells are able to initiate polarisation partway along their length and 
suggest that cell-cell interactions are important in providing a spatial landmark 
for polarisation. This modifies a default localisation of apical junctional proteins 
away from the basal surface. This could be a general mechanism of building 
spatially precise junctions during development, particularly in dynamic cells 
undergoing a form of mesenchymal to epithelial transition, for example in the 
kidney (Vainio and Muller, 1997). At neural keel stages neural progenitors 
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resemble cells in the intermediate phase of this transition and so it would be 
interesting to know whether molecular details and cellular organisation 
uncovered here apply to the general process of MET in vertebrates in vivo.  
 
Additionally, I show that the developing notochord localises centrosomes and 
polarity proteins to the organ centre at roughly the same time as the overlying 
neural tissue. It is possible that this could indicate a general feature of cell 
polarisation. Although not an epithelium, notochord cells are surrounded by ECM 
components and so it is possible that the outer surface may be analogous to 
basal and the central regions analogous to apical, and therefore cells could 
respond to similar orientation cues as observed for neural tissue. Zebrafish 
laminin mutants are known to have defects in notochord differentiation (Parsons 
et al., 2002b) and it is possible that this stems from early defects in cell polarity.  
 
6.5 Future perspectives 
One important avenue will be to investigate the true nature of the proposed anti-
basal signal. This will involve both further characterisation of the laminin mutant 
phenotype and consideration of other ECM mutants (e.g. those lacking collagen 
XII) to confirm whether inverted polarity really is laminin specific and precisely 
how it arises.  It will also be necessary to examine the localisation of an 
appropriate polarity protein that is usually located in the basolateral domain to 
confirm a true inversion of polarity. Apical polarity protein localisation and cell 
morphologies in laminin mutants and morphants suggest that the organisation 
and dynamics of the microtubule cytoskeleton and related trafficking machinery 
should be examined, perhaps making use of transgenic fish with labelled 
endosomes.  
 
It will also be crucial to address the mechanical requirements of neurulation. This 
could be achieved through imaging the localisation of likely components of the 
force generating and sensing apparatus, such as myosin and its modulators, at 
both the cell and tissue level. This could be complemented with the abrogation of 
their function at different time points, either globally or on a local scale.  
 
Detailed characterisation of cellular movements and interdigitation throughout 
neurulation will be also be key to understanding of the process, and remains 
remarkably lacking. For example, does interdigitation really involve a simple 
intercalation of one cell from the left, followed by one cell from the right or do 
cells move in groups? Once a mechanistic model at the cellular level is acquired, 
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the examination of various live junctional markers (e.g. gap junctions, 
desmosomes) will contribute to a better molecular understanding.  
 
In the long term, the molecular mechanisms identified during zebrafish neural 
tube development should be analysed at high spatiotemporal resolution during 
secondary neurulation in birds and mammals. Analysis of the localisation and 
dynamics of ECM, polarity and junctional proteins in relation to cell shape and 
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